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Preface 


REALIZINCt  the  great  neeil  for  a  more  scientific  kiiowl- 
edge  of  electricity  on  the  ])art  of  thousands  of  practical 
men  of  limited  technical  education,  an  attempt  has  l)een 
made  in  the  following  j)ages  to  give  a  presentation  of  the  subject 
which  shall  be  easily  understood  by  such  men,  and  at  the  same  time, 
cover  all  the  essential  principles  and  methods.  The  principles 
usually  deduced  by  higher  mathematics  are  here  made  clear  by 
careful  explanation  and  a  large  numl)er  of  diagrams  drawn 
esj)ecially  for  the  text.  Xunn»rou3  engravings  exemplify  modern 
practice,  and  form  a  pictorial  index  to  the  latest  and  best  methods 
of  applying  electricity  to  lighting,  railways,  ])ower  transmission, 
machine  tools,  etc. 

C^The  Cyclopedia  of  Aj)plied  Electricity  is  based  uj)on  the  method 
which  the  American  School  of  Corresj)ondence  has  develoi)ed  and 
successfully  used  for  many  years  in  teaching  j)ractical  electricians 
the  scientific  principles  underlying  their  work.  Tt  is  compiled 
from  the  most  valuable  of  the  SchooFs  Instruction  Pa{)ers  and 
forms  a  simple,  practical,  concise,  and  convenient  reference  work 
for  the  shop,  the  library,  tlie  school,  and  the  home. 

CThe  success  which  the  American  School  of  Correspondence  has 
attained  in  teaching  thousands  of  electricians  is  in  itself  the  best 
possible  guarantee  for  the  j)resent  M'ork.  Tlierefore,  while  these 
volumes  are  a  marked  innovation  in  technical  literature,  represent- 
ing as  they  do  the  best  methods  of  a  large  number  of  different 
authors,  each  an  acknowledtjed  authoritv  in  his  work, — they  are 
by  no  means  an  exj)eriment,  but  are  in  fact  the  essence  of  the  most 


sncoessful  metliod  yet  devised  for  the  education  of  the  hxtaj 
workiug  man. 

C  Among  the  sections  of  most  practical  value  are  those  on  Alter- 
nating Current  Machinery',  Storage  ]>atter:es.  Electric  AViring, 
Lighting,  etc.  In  these  pages  the  authors  have  succeeded  in 
presenting  the  subjects  in  such  manner  as  to  overcome  the  hitherto 
insurmountable  obstacle — higher  mathematics.  The  rules  and 
formulae  are  jiresented  in  a  very  simple  manner,  and  special  effort 
has  l»een  made  to  illustrate  every  principle  by  diagrams  and  prac- 
tical examples. 

C Numerous  examples  for  })ractice  are  inserted  at  intervals;  these 
with  the  test  (juestions,  help  the  reader  to  fix  in  mind  the  essential 
points,  thus  combining  the  advantages  of  a  textbook  with  a  refer- 
eniv  work. 

C^frateful  acknowledgment  is  due  to  the  corps  of  writers  and 
collal>orat<irs  who  have  prejiared  the  many  sec*tions  of  this  work. 
Tlie  hearty  co-oj»eration  of  these  men — engineers  of  wide  prac- 
tical ex[)erience.  and  teachers  of  acknowledged  ability — has  alone 
made  tliese  volumes  jKJSsible. 

CTlie  rvdojHHlia  is  ])ul)lisht*d  in  the  belief  that  it  will  meet  a 
real  niH^l  among  designers,  constructors  and  operators  of  elec- 
trical machinery.  That  it  may  save  many  weary  hours  of  search 
among  tlie  scattered  textbooks  and  reference  works  of  the  day, — 
b(M)ks  whidi  iK'ing  intende<l  largely  for  col  lege -traineil  men  are 
neceKrtarily  far  from  meeting  the  needs  of  the  average  practical 
man,    -is  tlie  hojH*  of  the  comjnlers  and  publishers. 
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ALTERNATING  CURRENT  MACHINERY. 

PART  I. 


THE  SIMPLE  ALTERNATOR. 

Alternating  Electromotive  Forces  and  Currents 

1.  Definitions.  The  alternator  is  an  arrangement  by  means 
of  which  mechanical  eiu»rgy  is  used  to  cause  the  miignetic 
flux  from  a  magnet  to  pass  through  the  oj^ening  of  a  coil  of  wire 
first  in  one  direction  and  then  in  the  opix)site  direction.  This 
varying  magnetic  flux  induces  an  electromotive  force  in  the  coil, 
first  in  one  direction  and  then  in  the  other.  This  electromotive 
force,  called  an  alternating  electromotive  force,  produces  an  alter- 
nating current  in  the  coil,  and  in  the  circuit  which  is  connected  to 
the  terminals  of  the  coil. 

In  the  common  type  of  alternator,  th(»  above-mentioned  magnet 
and  coil  move  relatively  to  each  othcT.  Fig.  1  shows  the  essential 
features  of  such  an  alternator.  The  ix)les  N,  S,  N,  S,  etc.,  of  a 
multiix)lar  magnet* calli^d  the  field  magnet,  project  radially  inwards 
toward  the  passing  teeth  a  a  a  of  a  rotating  mass  A  of  laminated 
iron;  and  upon  these  teeth  are  wound  coils  of  wire  r  c,  in  which 
the  alternating  electromotive  force  is  induciKl.  The  roUiting  mass 
of  iron  with  its  windings  of  wire  is  c^iIUkI  the  armature.  On 
the  armature  shaft  (not  Rho\^Ti  in  the  figure),  at  oiu^  end  of  the 
armature,  are  mounted  two  insulatc^l  metal  rings  r  /•,  call«l  collect- 
ing rings.  These  metal  rings  are  connect(»d  to  the  ends  of  the 
armature  winding,  and  metiil  brushes  b  h  rub  on  these  rings,  thus 
keeping  the  ends  of  the  annature  winding  in  continuous  contact 
with  the  terminals  of  the  external  circuit  to  which  the  alternator 
supplies  alternating  current.  No  external  circuit  is  shown  in 
the  figure. 

The  electromotive  forces  induced  in  adjacent  armature  coils 
are  in  opposite  directions  at  each  instant,  and  the  coils  are  so 
connected  together  that  these  electromotive  forces  do  not  oppose 
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each  other.  This  is  done  by  reversing  the  connections  of  every 
alternate  coil,  as  indicated  by  the  dotted  lines  connecting  the  coils 
in  Fig.  1.  The  electromagnetic  action  of  this  type  of  alternator 
depends  only  upon  the  relative  motion  of  field  magnet  and 
armature,  and  large  machines  are  often  built  with  stationary  arma- 
ture and  revolving  field  magnet.  In  the  tyi^e  of  machine 
illustrated  in  Fig.  1,  the  armature  revolves  while  the  field  magnet 
is  stationary.  This  type,  called  the  revolving-armature  type,  is 
generally  adopted  in  small  alternators. 


Pig.  1. 

The  field  magnet  of  an  alternator  is  usually  an  electro-n^ignet 
which  is  excited  by  a  continuous  electric  current  supplied  by  an 
independent  generator,  generally  by  an  auxiliary  continuous- 
current  dynamo,  called  the  exciter.  The  exciting  current  flows 
through  coils  of  wire  wound  on  the  x)rojecting  xx)les  N,  S,  N,  S 
of  the  field  magnet.     These  coils  are  not  shown  in  Fig.  1. 

Armature  Cores  and  Armature  Windings.  The  type  of 
armature  core  shown  in  Fig.  1  is  called  the  toothed  armature- core; 
and  the  winding  is  said  to  be  concentrated — that  is,  the  armature 
conductors  are  groupcni  in  a  few  hea\y  bunches.  Armature  cores 
are  also  made  with  many  small  slots,  in  which  the  armature 
conductors  are  grouped  in  small  bunches.    This  type  of  core  is 
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called  a  multi-slotted  core,  and  the  winding  is  said  to  be  dis- 
tributed. The  various  types  of  armature  windings  are  described 
farther  on. 

In  some  of  the  earlier  types  of  alternators  the  armature  core 
consisted  of  a  smooth,  cylindrical  mass  of  laminated  iron,  upon 
the  face  of  which  the  conductors  were  arranged  in  bands  side  by 
side,  one  layer  or  more  in  depth.  This  type  of  armature  is  called 
the  smooth-core  armature. 

2.  Cycle,  Frequency,  and  Period.  The  electromotive  force 
of  an  alternator  passes  through  a  set  of  positive  values  while  a 
given  coil  of  the  armature  is  passing  from  a  south  to  a  north  pole 
of  the  field  magnet,  and  through  a  similar  set  of  7iegative  values  while 
the  coil  is  passing  from  a  north  to  a  south  pole.  The  complete  set 
of  values,  including  positive  and  negative,  through  which  an  alter- 
nating electromotive  force  (or  alternating  current)  repeatedly 
passes,  is  called  a  cycle.  The  number  of  cycles  per  second  is  called  J" 
the  frequency. 

The  fractional  part  of  a  second  occupied  by  one  cycle  is  called  \ 
the  periodic  time,  or  period,  of  the  alternating  electromotive  force^y 
or  current. 

Let/'  be  the  frequency  in  cycles  per  second,  and  T  the  periodic 
time  expressed  as  a  fraction  of  a  second.     Then 

.  Example.     If  an  alternating  current  has  a  frequency  of  60 
cycles  per  second,  the  jj<Tiod,  T,  of  one  cycle  is  one-sixtieth  of  a 

second. 

Specification  of  t requency  in  Terms  of  the  Numhev  of 
Alternations  or  Reversals  in  a  Giren  Time.  Frequency  is 
sometimes  exi^ressed  by  stating  the  number  of  alternations  or 
reversals  ix>r  minute.  For  example,  an  alternator  having  a  frequen- 
cy of  133  cycles  per  second  has  266  reversals  or  alternations  per 
second,  or  16,000  alternations  per  minute.  Frequencies  are  some- 
times si)ecified  in  alternations  i)er  minute,  but  specification  in 
cycles  jxjr  second  is  the  more  usual  practice  and  is  preferable. 
Cycles  pt^r  second  =  alternations  per  minute  -f-  (2  X  ^W). 

3.  Relations  betyv^een  Speed  and  Frequency.  Let  p  be  the 
number  of  poles  of  the  field  magnet  of  an  alternating-current 
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PART  I. 


THE  SIMPLE  ALTERNATOR. 

Alternating  Electromotive  Forces  and  Currents 

1.  Definitions.  The  alternator  is  an  arrangement  by  means 
of  which  mechanical  en(?rgy  is  used  to  cause  the  magnetic 
flux  from  a  magnet  to  pass  through  the  opening  of  a  coil  of  wire 
first  in  one  direction  and  then  in  the  opposite  direction.  This 
varying  magnetic  flux  induces  an  electromotive  force  in  the  coil, 
first  in  one  direction  and  then  in  the  other.  This  electromotive 
force,  called  an  alternating  electromotive  force,  produces  an  alter- 
nating current  in  the  coil,  and  in  the  circuit  which  is  connected  to 
the  terminals  of  the  coil. 

In  the  common  type  of  alternator,  th(»  above-mentioned  magnet 
and  coil  move  relatively  to  each  other.  Fig.  1  shows  the  essential 
features  of  such  an  alternator.  The  poles  N,  S,  N,  S,  etc.,  of  a 
multipolar  magn(*t* called  the  field  magnet,  project  radially  inwards 
toward  the  passing  teeth  a  a  a  ot  a  rotating  mass  A  of  laminated 
iron;  and  ujxjn  these  teeth  are  wound  coils  of  wire  c  r,  in  which 
the  alternating  electromotive  force  is  induced.  The  rotiiting  mass 
of  iron  with  its  windings  of  wire  is  called  the  armature.  On 
the  armature  shaft  (not  shown  in  the  figure),  at  onii  end  of  the 
armature,  are  mounted  two  insulatcHl  metal  rings  /•  /•,  calh^d  collect- 
ing rings.  These  nu^tal  rings  are  connectc^d  to  the  ends  of  th(^ 
armature  winding,  and  metal  brushes  h  h  rub  on  these  rings,  thus 
keeping  the  ends  of  the  armature  winding  in  continuous  contact 
with  the  terminals  of  the  external  circuit  to  which  the  alternator 
supplies  alternating  current.  No  external  circuit  is  shown  in 
the  figure. 

The  electromotive  forces  induced  in  adjacent  armature  coils 
are  in  opposite  directions  at  each  instant,  and  the  coils  are  so 
connected  together  that  these  electromotive  forces  do  not  oppose 
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machine;  let  n  be  the  six^c^  of  its  armature  in  revolutions  per 
minute;  and  let  ./'be  the  frequency  of  its  electromotive  force  in 
cycles  per  second.     Then 

Examples.  1.  A  certain  alternator  has  10  jx)lc^s,  and  runs  at 
1.500  revolutions  per  minute.     What  is  its  frequency? 

Solution.  Substituting  10  for  jf),  and  1,500  for  ;«,  in  equation 
2,  we  have 

f  =    c)    ^    "j.TT    "^  125  cycles  jx^r  second. 

2.  An  alternator  is  to  run  at  000  r.  \},  m.  (n^volutions  per  minute) 
and  is  to  give  a  fn^quency  of  GO  cycles  ix^r  second.  What  number 
of  poles  is  nnpiired? 

Solution.     Solving  ecjuation  2  for^>,  we  have 

2  X  W  X  / 
p=    -    --^-       , 

from  which,  substituting  /'=  60,  and  7i  =  <>00,  w(»  have 

2  X  60  X  60        -,^       , 
P  =  jr^ =  12  ix)les. 

4.    Advantages  and  Disadvantages  of  Alternating  Currents. 

The  electric  transmission  of  a  giv(ui  amount  of  power  may  be 
accomplishtKl  by  a  large  current  at  low  electromotive  force,  or  by 
a  small  current  at  high  electromotive  force.  In  th(»  first  case  yery 
large  and  expensive  transmission  wires  must  be  ustxl,  or  the  loss 
of  power  in  the  transmission  line  will  be  excessive.  In  the  second 
case  comx>aratively  small  and  incx^MMisive  transmission  wires 
may  be  used.  Thus  it  is  a  xmictical  ncM'essity  to  employ  high 
electromotive  forces  in  long-distance  transmission  of  ix)wer. 

Example.  It  is  desired  to  transmit  IX^K)  kilowatts  of  power 
over  a  distance  of  10  miles,  su[)[X)sing  that  a  loss  in  tlie  line  of 
10  xx*r  cent  of  the  XK)wer  delivered  is  considen^d  ]KM*missibl(\  This 
corri^sponds  to  100  kilowatts  loss. 

Solution. — Case  1.  Sux)ix)se  that  the  i?lectromotive  force  at 
the  receiving  end  of  the  line  is  to  be  1(X)  volts.  Then  the  current 
would  be  1,000,0(X)  watts  divided  by  1(X)  volts,  or  10,000  amx^eres. 
Tlu?  rc^sistinici*  of  the  line  must  be  such  that  the  watts  lost  in  the 
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line — namely  100,000  watts — would  be  equal  to  RI*^,  so  that  the 

W 

resistance  R  of  the  line  must  be   -p^,  or  0.001  ohm.    This  would 

require  two  transmission  wires  each  10  miles  long  and  33  inches 
in  diameter,  or  a  total  weight  of  175,000  tons  of  copper,  which  would 
cost  about  $52,500,000. 

Case  2.  Suppose  that  the  electromotive  force  at  the  receiving 
end  of  the  line  is  to  be  1,000  volts.  Then  the  current  would  be 
1,000,000  watts  divided  by  1,000  volts,  or  1^000  amperes.  The 
resistance  of  the  line  must  be  such  that  the  watts  lost  in  the 
line — namely,  100,000  watts — would  be  equal  to  RI^,  so  that  the 
resistance  R  of  the  line  must  be  0.1  ohm.  This  would  require  two 
transmission  wires,  each  10  miles  long  and  3.8  inches  in  diameter, 
or  a  total  weight  of  1,750  tons  of  copper,  which  would  cost  about 
$525,000. 

Case  3.  Suppose  that  the  electromotive  force  at  the  receiving 
end  of  the  line  is  to  be  10,000  volts.  Then  the  current  would  be 
1,000,000  watts  divided  by  10,000  volts,  or  100  am^xires.  The 
resistance  of  the  line  must  be  such  that  the  watts  lost  in  the  line 
— namely  100,000  watts — would  be  equal  to  RP,  so  that  the 
resistance  R  of  the  line  mu^t  be  10  ohms.  This  would  require  two 
transmission  wires,  each  10  miles  long  and  0.33  inch  in  diameter, 
or  a  total  weight  of  17.5  tons  of  copper,  which  would  cost  about 
$5,250. 

These  results  are  summarized  in  the  following  table: 


TABLE  I. 
Size  and  Cost  of  Copper  Wire. 

To  transmit  1,000  kilowatts  a  distance  of  10  miles  (one  way)  with  a  line  loss  equal  to  10  per  cent 
of  the  power  delivered,  for  three  different  values  of  electromotive  force. 


Volts  at 

receiving 

end  of  line. 

(E) 

AmjKjres 

in 

line. 

(I) 

Ohms 

in 
line. 

(R) 

Diameter 

of 

wire, 

in  inches. 

Weight 

of 

wire, 

in  tons. 

Cost  of  line 
copper, 

in 
dollars. 

100 

1,000 

10,000 

10,000 

1,000 

100 

0.001 
0.1 
10.0 

a3 

3.3 
0.33 

175,000 
1,750 
17.5 

52,500,000 

525,000 

5,250 
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High  electromotive  forces  an?  dangerous  under  the  conditious 
that  ordinarily  obtain  among  us(»rs  of  electric  light  and  power; 
and  many  tyix's  of  apparatus,  such  as  incandescent  lamps,  operate 
satisfactorily  only  with  medium  or  low  electromotive  forces. 
Therefore  means  must  be  provided,  at  a  receiving  station,  for 
transforming  the  ix)wer  delivered,  from  high  electromotive  force 
and  small  current  to  low  electromotive  force  and  large  current, 
if  long-distance  transmission  is  to  be  successful.  This  is  called 
step-down  transformation.  The  advantage  of  the  alternating 
current  over  the  direct  current  lies  almost  wholly  in  the  cheapness 
of  construction  and  of  opi^ration^  and  in  the  high  efficiency  of  the 
alternating-current  as  compared  with  the  direct-current  apparatus 
that  is  requin^d  for  transformation. 

In  st(*p-down  transformation  of  direct  current,  a  motor  takes 
a  small  current  from  the  high -electromotive-force  transmission 
mains,  and  drives  a  dynamo  which  delivers  large  current  to  service 
mains  at  low  electromotive  force.  This  apparatus,  or  its  equivalent, 
the  dynamotor,  is  ex^x^nsive  to  construct;  it  requires  attention 
in  oi^eration;  and  its  efficiency  is  nc.'ver,  ^x^rhaps,  above  90  percent. 

The  step-down  transformation  of  alternating  currents  is 
accomplished  by  means  of  the  alternating-current  transformer, 
which  is  described  latcT  on.  The  alternating-current  transformer 
is  very  much  chea^xT  than  a  dynamo  and  motor  of  the  same 
output;  it  requires  no  attention  in  oj^xTation;  and  its  efficiency 
under  full  load  is  usually  greater  than  97  jxt  cent,  es^x^cially  in 
large  sizes. 

Th(?  alternating  current  lias  some  minor  advcuitages  over  the 
direct  current  on  account  of  the  fact  that  alternating-current 
machines  are  frequently  simpler  in  construction  than  direct-current 
machines.  In  particular,  the  commutator  is  not  an  essential  jxirt 
of  an  alternating-current  machine.  In  the  case  of  the  inductor 
alternator  and  the  induction  motor,  again,  the  rotating  part  may 
not  have  any  sliding  electrical  contacts  whatever. 

The  simple*  singh^-phase  altc^rnating  current  is  not  very  well 
suitt^d  to  motor  service.  The  single-phase  alternating-current 
motor  does  not  st«irt  satisfactorily  in  the  ca.se  of  Inrge  machinc^s, 
cilthough  self-starting  single-j)hase  motors  iq)  to  ^X'rhaps  20  horse- 
l)rnver   are    in    connnercial  use,  where    neither  direct-current  nor 
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polyphase  alteniating-current  machines  are  available.  For  uninter- 
rupted sendee  the  synchronous  motor  is  frequently  used,  the 
starting  being  effected  by  an  auxiliary  engine  or  other  independent 
mover.    The  synchronous  motor  is  described  in  subsequent  pages. 

The  synchronous  motor  is  not  satisfactory  when  frequent 
starting  is  necessary.  For  such  service  the  induction  motor  is 
used.  The  induction  motor  also  is  described  later  on.  The  simple 
induction  motor,  to  start  satisfactorily,  must  be  supplied  with  two 
or  more  distinct  alternating  currents  transmitted  to  the  motor  over 
separate  lines.  This  is  called  the  polyphase  system  of  transmission, 
and  is  reserved  for  full  treatment  in  later  pages. 

For  some  purposes,  especially  for  the  electrolytic  processes 
used  on  a  large  scale  in  electro-chemical  works,  only  direct  current 
can  be  used.  When  power  transmitted  by  alternating  current  is 
to  be  delivered  in  the  form  of  direct  current,  the  conversion 
is  effected  by  means  of  the  rotary  converter,  also  described  below. 

5.  Characteristic  Features  of  Alternating-Current  Problems.^ 
In  direct-current  work  the  electrical  engineer  is  concerned  with  the 
relations  between  electromotive  force,  resistance,  current,  and 
power.  These  relations  are  determined  by  the  applications  of  the 
following  laws: 

Power  Law. 

P  =  E  I,  (3) 

in  which  P  is  the  total  power  in  watts  delivered  to  a  circuit  by  a 
generator  of  which  the  terminal  electromotive  force  is  E  volts, 
when  it  produces  a  current  of  I  amperes. 
Ohm's  Law. 

in  which  I  amperes  is  the  steady  current  produced  by  E  volts 
acting  on  a  circuit  of  R  ohms  resistance. 

Joule's  Law. 

P  =  R  P,  (5) 

in  which  P  is  the  power  in  watts  expended  in  heating  a  circuit  of 

R  ohms  resistance,  when  a  current  of  I  amptjres  is  forcc^l  through 

tht»  circuit. 

*  XoTE.  For  detinitions  and  explanations  of  tho  new  terms  used  in  this 
article,  see  later  parajjraphs,  also  the  succeeding  discussion  on  "  Harmonic 
Electromotive  Forces  and  Currents." 
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Kirchhoff*s  Laws. 

i.  When  a  circuit  branches,  the  current  in  the  main  circuit 
is  equal  to  the  sum  of  the  currents  in  the  separate  branches. 

2a.  Wh<*n  two  or  more  sources  of  electromotive  force  are 
connectc^l  in  soric^s,  the  total  (il(»ctromotive  force  is  the  simi  of  the 
individual  electromotive*  forces. 

2h,  Wh(*n  an  electromotive  force  acts  on  a  number  of 
elemc?nt8  or  things  in  S(»ries,  it  is  subdivided  into  parts,  each  of 
which  acts  uixm  one  of  the  elements,  and  the  sum  of  these  parts  is 
equal  to  the  total  electromotive  force.  For  example,  an  arc-light 
dyiiamo  of  which  th(»  tt»rminal  electromotive  force  is  3,000  volts, 
acts  on  fK)  similar  arc  lamps  connected  in  series.  Neglecting  the 
resistance  of  the  connecting  wires,  each  lamp  is  acted  upon  by  one- 
sixtieth  of  the  total  electromotive  force,  or  by  50  volts. 

In  alt(»niating-current  work  the  electrical  engineer  is  likewise 
concerned  with  tlu;  relations  betwecm  electromotive  force,  resis- 
tance, current,  and  jx^wer.  These  relations  are  determined  by  the 
ai)plication  of  th(^  same*  fundamental  laws  as  in  case  of  direct 
currents,  but  in  more*  or  1(»S8  modified  forms.*  A  summary  of  the 
fundamental  laws  of  alternating  currents  is  here  given  simply  for 
pur[X)se8  of  comparison: 

Power  Law,  for  Alternating-Current  Circuits. 

P  ---  E  1  Cos  e.  (6) 

in  which  P  is  the  ix)wer  in  watts  delivered  to  a  circuit  by  an 
alteriiator  of  which  the  "effective''  terminal  electromotive  force  is 
E  volts,  when  it  produces  an  "effective"  current  of  I  amperes  in  a 
circuit,  and  Oca  B  is  what  is  called  the  "ix)wer  factor"  of  the 
circuit. 

Ohm's  Law,  for  Alternating-Current  Circuits. 

E 

T      

1   R-^  +  X"^  (^) 

in  which  1  is  the*  *S'ffc»ctiv(»"  current  in  am^XTes  produced  by  an 

*  Xdtk.  Th(*s(»  mcxlilioations  of  the  fundamental  laws  and  the  moaning 
of  the  unfamiliar  terms  here  used,  are  fully  discussed  and  explained  at  the 
end  of  this  chapter  and  in  the  succeedinj^  chapter:  and  the  student  is  not 
exiH»cte<l  to  understand  fully  the  reasons  for  the  .statements  here  given,  until 
he  has  completed  the  tirst  two  chapters. 
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"effective"  electromotive  force  of  E  volts  acting  on  a  circuit  of 
which  the  resistance  is  R  ohms,  and  the  "reactance"  is  X  ohms. 

Joule's  Law,  for  Alternatins^-Current  Circuits. 

P  =  R  P,  (5) 

in  which  P  is  the  power  in  watts  expended  in  heating  a  circuit 
of  R  ohms  resistance  when  an  "effective"  alternating  current  of  I 
amperes  is  forced  through  the  circuit. 

Kirchlioff*s  Laws,  for  Alternatins^-Current  Circuits. 

1 .  When  an  alternating-current  circuit  branches,  the  "effective?" 
current  in  the  main  circuit  is  the  "geometric"*  (or  "vector")  sum 
of  the  "effective"  currents  in  the  separate  branches. 

I 


Fig.  26. 


Fig.  2a. 

Example.  An  alternator  A,  Fig.  2a,  supplies  an  effective 
current  of  I  amperes  in  the  main  circuit,  which  divides  into  two 
branches.  The  effective  currents  in  the  two  branches  are  Ti 
and  li  amperes  respt»ctively.  The  relation  between  I,  Ii,  and  T2  is 
shown  in  Fig.  2/y.  The  angles  </>i  and  4^1  depend  upon  the  relative 
values  of  the  resistance  and  r(»actanc(»  of  the  respective  branches, 
as  is  explaineil  later.  It  is  to  be  particularly  noticed  that  the 
arithmetical  sum  of  Ii  and  I2  is  in  general  greater  than  I. 

2a.  When  two  or  more  alternators  (or  transformer  second- 
aries) are  comiected  in  series,  the  total  effective  electromotive  fonnj 
is  the  "geometric"  (or  "vector")  sum  of  the  effective  electromotive 
forces  of  the  individual  alternators. 

Example.     Two  alternators  Ai  and  A2,  Fig.  3,  of  which  the 

♦  Note.  Alternating  electromotive  forces  and  alternating  currents  are 
added  in  the  same  way  that  forces  are  added,  that  is,  by  means  of  the  principle 
known  as  the  '^parallelogram  of  forces.*' 
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effective  electromotive  forces  are  Ei  and  E2  resjxjctively,  are 
connected  in  series  to  supply  mains.  Then  the  effective  electro- 
motive force  E,  between  mains,  is  the  geometric  sum  of  Ei  and  E2, 
as  shown  in  Fig.  4.  The  angle  <f>  de^x^nds  ujxjn  the  positions, 
relatively  to  the  field  magnets,  of  the  armature  coils  on  the 
respective  machines,  as  is  explained  later. 

MAINS 


'E 


I  MAINS 


Firr.  a 


i;ifj.  When  an  alternating  ek'ctromotive  force  P]  acts  upon  a 
number  of  elements  or  things  in  series,  it  is  subdivided  into  jDarts, 
each  of  which  acts  upon  one  of  the  elements,  and  the  "geometric" 
(or  "vector")  sum  of  these  parts  is  eijual  to  E. 

Kvample.  Two  coils  />  and  r,  Fig.  5,  are  connected  in  series 
between  mains  supplii^d  from  an  alternator,  of  which  the  effective 
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reactance  of  the  respective  coils.  It  is  to  be  particularly  noticed 
that  the  arithmetical  sum  of  Ei  and  Ea  is  in  general  gn^ater  than  E. 

6.  Physical  Basis  of  Differences  between  Direct-Current 
Calculations  and  Alternating-Current  Calculations.  The  above- 
mentioned  diflferences  between  direct-current  and  alternating- 
current  calculations  are  due  to  the  fact  that  an  alternating  current 
changes  rapidly  in  value,  while  a  direct  current  is  steady.  A  clear 
idea  of  the  effects  of  the  rapid  changes  of  an  alternating  current 
may  be  obtained  as  follows: 

Fig.  7  represents  an  alternator  i^roducing  alternating  current 
in  a  circuit  of  wire;  and  Fig.  8  repn»sents  a  valveless  pump,  of 
which  the  piston  oscillates  rapidly  up  and  down,  i^roducing  an 
alternating  current  of  water  in  a  circuit  of  pi[x?.  The  electromotive 
force  of  the  alternator  A  not  only  has  to  overcome  the  resistance 
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Fig.  7. 
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of  the  wire  in  order  to  cause  an  alternating  current  to  surge  back 
and  forth  through  the  circuit  but  it  also  has  to  overcome  the 
electrical  inertia  of  the  circuit — first,  in  getting  a  pulse  of  current 
started;  and  then,  in  stopping  this  pulse  of  current  and  starting 
another  in  the  reverse  direction.  The  pressure  developed  by  the 
pmnp  P  not  only  has  to  overcome  the  f  rictional  resistance  of  the 
pipe  in  order  to  cause  an  alternating  curren.t  of  water  to  surge  back 
and  forth  through  the  pipe,  but  it  also  has  to  overcome  the  inertia 
of  the  water  in  the  pipe — first,  in  getting  a  pulse  of  water  current 
started;  and  then,  in  stopping  this  i)ulse  of  water  curn^nt  and 
starting  another  in  the  rt»vers(»  direction. 

Fig.  9  r(»pr(?sents  an  alternator  pnxlucing  alternating  currc^nt 
in  a  circuit  of  wire  which  contains  a  condenser  0;  and  Fig.  lU 
represents  a  valveless  pump  proilucing  an  alternating  current  of 
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water  in  a  circuit  of  pipe,  which  leads  to  a  chamber  H  H,  across 
which  is  stretched  an  elastic  diaphragm  D  D.  In  this  case  the 
pressure  develoix^d  by  the  pump  has  to  overcome  the  frictional 
resistance  of  the  i)ipe,  the  inertia  of  the  water,  and  the  elastic 
reaction  of  the  diaphragm  D  D;  and  the  alternating  electromotive 
force  of  the  alternator  A,  Fig.  9,  has  to  overcome  the  electrical 
resistance  of  the  wire,  the  electric^d  inertia  of  the  wire  circuit, 
and  the  electro-elastic  reaction  of  the  insulating  material  (or 
dielectric)  between  the  platits  of  the  condenser. 

The  electrical  inertia  of  a  circuit  is  called  its  inductance,  and 
the  electro-elasticity  of  a  condenser  is  called  its  capacity.  It  is  to 
these  two  things — inductance  and  cii^jacity — that  the  peculiar 
features  of  alternating-current  calculations  are  due. 

The  effect  of  caimcity  is  strikingly  shown  by  the  fact  that  an 
alternating  current  may  be  made  to  flow  through  a  circuit  which 
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for  direct  currents  would  l>e  an  o^x^n  circuit  like  that  shown  in 
Fig  9.  Thus  an  alternator  connected  to  long  transmission  lines 
which  are  disconn(»cted  at  the  distant  end  and  i)erfectly  insulated 
from  the  ground,  will  s(Mid  a  jx^rceptible  alternating  current  into 
the  lines,  which  can  be  measured  by  an  alternating-current 
ammeter.  In  such  a  case  the  current  is  called  the  cliargin^ 
current  of  the  line;  and  it  may  amount  to  several  amperes, 
acconling  to  thi^  length  of  the*  line,  the  distance  apart  and  size  of 
wires,  and  the  electromotive  force  of  the  alternator. 

7.  Qraphical  Representation  of  Alternating  Electromotive 
Forces  and  Currents.  \Vh(»n  an  armature  conductor  of  an  alter- 
nator approaches  a  north  j^x)le  of  the  field  magnet,  the  electro- 
motive force  of  th(»  machine  rises  in  value  as  the  conductor  enters 
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the  strong  field  under  the  pole;  and  the  electromotive  force  falls 
in  value  as  the  conductor  passes  from  nnder  the  pole.  As  the 
conductor  passes  the  point  midway  between  two  adjacent  poles,  the 
electromotive  force  of  the  machine  falls  to  zero  (since  no  lines  of 
the  force  are  cut  at  this  point).  As  the  armature  continues  to 
revolve  and  the  conductor  approaches  the  next  (the  south)  jx)le  of 
the  field  magnet,  the  electromotive  force  of  the  machine  again 
increases  in  value,  but  in  a  direction  opposite  to  that  of  the 
previous  electromotive  force;  and  it  falls  again  to  zero  as  the  con- 
ductor passes  from  under  the  south  pole  and  reaches  the  point 
midway  between  the  next  pair  of  poles. 

Meamples.    In  Fig.  11  are  represented  three  successive  poles 
S  N  S  of  the  field  magnet  of  an  alternator,  from  which  the  lines  of 


Fig.  11. 

magnetic  flux  are  emanating,  and  spreading  out  more  or  less 
as  they  enter  the  armature  core.  The  armature  core  is  shown  as 
having  only  one  slot  A,  which  contains  a  number  of  armature 
conductors.  The  ordinates  of  the  curve  E  E  E  E  E  E  represent  the 
successive  instantaneous  values  of  the  electromotive  force  induced 
in  the  armature  conductors  as  the  slot  moves  from  left  to  right. 

The  duration  of  one  cycle  is  indicated  in  the  figure,  and  this 
cycle  repeats  itself  as  the  conductors  pass  by  successive  pairs  of 
field  poles.  Thus,  in  a  ten-pole  alternator,  there  would  be  five 
complete  cycles,  or  five  complete  waves  of  the  electromotive  curve, 
for  each  revolution. 
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The  curve  E  E  E  E  E  E  is  ciiUed  the  electromotive  curve  or 
electromotive  force  wave  of  the  alternator 

A  curv^e  of  which  the  ordinates  represent  the  successive 
instantaneous  values  of  the  alternating  current,  is  called  an 
alternating-current  curve  or  alternating-current  wave. 

Figs.  12,  13  and  14  show 

typical  forms   of  electromotive 

force  curves  given  by  commer- 

_  cial  alternators.  The  exact  shape 

of  the  electromotive  force  wave 

of  an  altematpr  depends  upon 

the  relations  between  ix)le  pitch 

(distance  from  center  to  center 

Fig.  12.  of  adjacent  poles),  width  and 

shape  of  ix)le  faces,  width  of  armature  coils,  and  distribution  of 

coils  on  the  armature. 

8.  Average  Values  and  Effective  Values.  The  average  value 
of  an  alternating  electromotive  force  or  current  (luring  a  complete 
cycle  is  zero,  inasmuch  A: 
as  similar  sets  of  positive  V 
and  negative  values  occur. 
The  average  value  of 
an  electromotive  force  or  Fig.  13. 

current  during  the  positive  {or  negative)  part  of  a  cycle  is  usually 
spoken  of  bri(»fly  as  the  ''average  value''  or  "mean  vahu\"  and  is 
not  zero. 

Consider  now  an  alternating  current,  of  which  the  instan- 
taneous value  is  /.     The  rate  at  which   heat  is  generated  in  a 


Fig.  14. 

circuit  through  which  the  current  flows  is  Rr',  where  R  is  the 
resistance  of  the  circuit;  and  the  average  rate  at  which  heat  is 
generated  in  the  circuit  is  R  multiplied  by  the  average  value  of  iK 
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A  continuous  current  which  would  i^roduce  tho  sanio  heating  effect 
would  be  one  of  which  the  square  is  eijual  to  the  av(»rage  value 

of  P^  or  of  which  the  actual  value  is.  equal  to  I  average  P.  This 
square  root  of  the  average  square  of  an  alternating  current  is  called 
the  effective  value  of  the  alternating  current.  Similarly,  the 
square  root  of  the  averag(»  scjuare  of  an  alternating  electromotive 
force  is  called  the  effective  value  of  the  alt(»niating  electromotive 
force 

Ajumeiers  and  voltweters  used  for  measurltir/  alternating 
electro>n/)tive  force  ahrnys  gire  elective  values  irrespective  of 
waveform;  and  in  specif t/ing  an  alternating  electromotive  force 
or  current^  its  effective  value  is  always  used. 

Example.  Tt^n  successive  instantaneous  values  of  an  alter- 
nating electromotive  force  during  half  a  cycle,  are  0,  80,  (K),  80,  90, 

E.M.F.  rONE  CYCLE-i_ 


Fig.  15. 

95,  90,  80,  60,  and  30  volts.  The  sum  of  these  values  is  615  volts, 
which,  divided  by  the  number  of  values,  namely  ten,  gives  61.5 
volts,  which  is  the  average  value  of  this  electromotive  force  during 
half  a  cycle. 

Squaring  each  of  the  above  values,  adding  the  scjuares  together, 
and  dividing  their  sum  by  their  niunber,  namely  t(ui,  gives  the 
average  value  of  the  square  of  the  electromotive  force,  which  is 
4,702.5  volts^;  and  the  square  root  of  this  avenige  square  is  68.6 
volts,  which  is  the  effective  value  of  the  given  electromotive  force. 

Form  Factor.  The  ratio  effective  value  -j-  average  value 
depends  upon  the  shaj^  of  the  electromotive  force  wave,  and  is 
called  the  "form  factor''  of  the  wave. 

Example.     The  form  factor  in  the  above  case  is  ;,-,\,  or  1.12. 

nl.o 

The  form  factor  of  the  electromotive  force  curve  given  in  Fig.  14 

is  1.11.     The  more  peaked  the  wave  the  greater  the  value  of  its 

form  factor.     The  rectangular  electromotive  force  shown  in  Fig.  15 

has  a  form  factor  equal  to  unity,  which  is  the  least  possible  value 
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of  tlu)  form   factor.     Tliis   rectangwljir  wave,   however,   is  never 
realized  in  commercial  alternators. 

9.  Instantaneous  and  Average  Power  Delivered  by  an 
Alternator.  Let  e  bo  the  vahicN  at  a  given  instant,  of  the  electro- 
motive force  of  an  alternator;  and  i  the  value  of  the  current  at  the 
same  instant.  Then  el  is  the  ix>wer  in  watts  which  is  delivered 
by  the  alternator  at  the  given  instiint;  and  the  average  value  of  ei 
is  the  average  power  dc^livered  by  the  alternator. 


—  ^ 


Fig.  16. 

Examples.  In  Fig.  16  the  full-line  curve  represents  the 
electromotive  force  of  an  alternator;  and  the  heavy-dotted  curve 
the  current  dc^livered  by  the  alternator  to  a  receiviiig  circuit  having 
inductance.  The  ordinates  of  the  light-dotted  curve  represent 
the  successive*  instantaneous  values  of  the  power  ei.  As  shown  in 
the  figure,  the  jxjwer  has  both  ix)sitiv<*  and  negative  values;  the 


Pig.  17. 

alternator  does  work  on  the  circuit  wh(»n  ei  is  positive,  and  the 
circuit  returns  power  to  the  alternator  when  ei  is  negative;  and, 
of  course,  while  ei  is  negative,  the  dynamo  is  momentarily  a 
motor,  and  may  for  the  moment  rt»tuni  power  to  tht^  fly  wheel  of 
the  engine. 

When  the  inductance  of  the  receiving  circuit  is  very  large,  the 
electromotive  force  and  current  curves  are  relate^d  as  shown  in 
Fig.  17;  the  instantaneous  power  ei  passes  through  appr?vimat(?ly 
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similar  sets  of  positive  and  negative  values,  as  shown  by  the 
light-dottiKl  curve;  and  the  average  power  is  approximately  ya^to. 
10.  Definition  of  Harmonic  Electromotive  Forces  and 
Currents.  A  line  OP,  Fig.  18,  n^volves  at  a  uniform  nite,  J 
Revolutions  ixT  S(»cond,  about  a  point  O,  in  th(»  direction  of  the 

*  arrow  gh.     Consider  the  projection  Ob  of 

^thi8  rotating  line  upon  the  fixed  line  AB, 
this  projection  being  considered  positive 
when  above  O  and  negative  when  b(4ow  O. 
g^  A  harmonic  electromotive  force  (or  cur- 
rent) is  an  electromotive  force  (or  current) 

0      which  is  at  each  Instant  proportional  to  the 

line  Oh.  The  line  Ob  represents  at  each 
instant  the  actual  value  e  of  the  harmonic 
electromotive  force  to  a  definite  scale,  and 
the  length  of  the  line  OP  (which  is  the  maxi- 
Fig.  18.  mum  length  of  Ob)  represents  the  maximum 

value  E  of  the  harmonic  electromotive  force  to  the  same  scale. 
The  line  Ob  jmsses  through  a  complete  cycle  of  values  during  one 
revolution  of  OP,  and  so  also  does  the  harmonic  electromotive  force  e. 
Therefore  the  revolutions  per  second  {f)  of  the  line  OP  is  the 
frequency  of  the  harmonic  electromotive  force  e.  The  rotating 
lines  E  and  I,  Fig.  19,  of  which  the  projections  on  a  fixt^d  line  (not 
shown  in  the  figure)  represent  the  actual  instantaneous  values  e 
and  i  of  a  harmonic  electromotive  force  and 
a  harmonic  current,  are  said  to  *'represent" 
the  harmonic  electromotive  force  and  current 
respectively.  Of  course,  the  rotation  of  the 
lines  E  and  I  is  a  thing  merely  to  be  imagined. 
The  rotation  is  understood  to  be  in  a  counter- 
clockwise direction,  as  indicated  in  Fig.  18. 

A  diagram  in  which  a  number  of  electromotive  forces  or  cur- 
rents, or  both,  are  representee!  by  lines  imagined  to  be  revolving, 
is  called  a  clock  diagram.  Simple  problems  involving  relations 
between  a  number  of  hannonic  electromotive  forces  and  currents 
of  the  same  frequency^  are  most  easily  treated  by  means  of  the 
clock  diagram.  When  an  electromotive  force  (or  current)  wavc^  is 
not  a   sine    curve,   the   electromotive    force    (or  current)  is    not 
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harmonic,  and  cannot  properly  be  represented  by  a  line  in  a  cloc*k 
diagram,  because  the  projection  of  the  rotating  line  is  not  at  each 
instant  proportional  to  the  electromotive  force  (or  current).  The 
approximate  representation,  by  lines  in  a  clock  diagram,  of  non- 
harmonic  electromotive  forces  (or  currents) — such,  for  example,  as 
those  represented  by  the  curves  in  Figs.  12,  13,  and  15,  depends 
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upon  the  finding  of  harmonic  electromotive  forces  (or  currents) 
which  for  the  particular  purpose  in  view  are  approximately  eciuiva- 
lent  to  the  actual  given  electromotive  forces  (or  currents). 

A  harmonic  electromotive  force  or  current  is  represented  by  a 
sine  wave  as  shown  in  Fig.  14.     The  relation  between  the  rotating 

line  OP  in  Fig.  18  and  the  sine- 
wave  curve  of  electromotive  force, 
is  shown  as  follows: 

Divide  the  circumferenco  of  the 
circle  in  Fig.  20a  into  equal  parts,  and 
lay  off  a  horizontal  line  divided  into  the 
same  number  of  equal  parts. 

Draw  horizontal  dotted  lines  through 

each  division  on   the  circumference  of 

the    circle,    and    vertical    dotted    lines 

through  the  corresjwnding  divisions  on 

Fig.  206.  the  horizontal  line.    The  j)oints  of  the 

intersection  of  these  pairs  of  dotted  lines  are  points  on  a  curve  which  is  a 

curve  of  sines. 

Example  of  Ilarmomc  Eleciromoihe  Force.  A  flat  \oG\y  of 
wire  with  its  terminals  connecU^d  to  two  collecting  rings,  gives 
a  harmonic  electromotive  force  when  it  is  rotated  at  constant  s^K^ed 
in  a  uniform  magnetic  field.  This  arrangement  is  shown  in 
Fig.  204. 
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11.  Alg^ebraic  Expression  of  Harmonic  Electromotive  Force 
and  Current.  The  line  OP,  Fig.  18,  revolves  uniformly/'  revolu- 
tions  per  second,  and  therefore  it  tnms  through  2  w  y  radians  ♦  per 
second,  since  there  are  2  n  radians  in  a  revolution;  that  is, 

CO  =  2  .r/  (8) 

in  which  o>  is  the  angular  velocity  of  the  line  OP  in  radians  per 
second.  Let  time  be  reckoned  from  the  instant  that  OP  coincides 
with  Oa;  then,  after  t  seconds,  OP  will  have  turned  through  the 
angle  fi  (=  W);  and  from  Fig.  18  we  have 

Oh  =  OP  sin  i8  =  OP  sin  oi^, 
since  Oh  is  the  projection  of  OP  on  the  line  AB.    But  Oh  repre- 
sents the  actual  value  e  of  the  harmonic  electromotive  force  at  the 
time  ^,  and  OP  represents  its  maximum  value  E;  therefore 

^  =  E  sin  iat  (9) 

is  an  algebraic  expression  for  the  actual  value  e  of  a  harmonic 
electromotive  force  at  time  t^  E  being  the  maximum  value  of  e^ 

and-^ —  being  the  frequency  according  to  equation  8. 
Similarly,  /  =  I  sin  co^  (10) 

is  an  algebraic  expression  for  the  actual  value  /  of  a  harmonic 
current  at  time  t^  I  being  the  maximum  value  of  i. 

If  time  is  reckoned  from  the  instant  that  OP,  Fi^.  18, 
coincides  with  the  line  OJ,  then  equations  9  and  10  become 

e  =  E  cos  tat, 

i    =     \     cos    tat.     ^ 

12.  Synchronism. — Phase  Difference.  Two  alternating  elec- 
tromotive forces  or  currents  are  said  to  be  in  synchronism  when 

they  have  the  same  fre- 
quency. Two  alternators 
are  said  to  run  in  syn- 
chronism when  their  elec- 
eX    \/   ^^'Ep  tromotive    forces    are    in 

Fig.  21.  synchronism. 

Consider  two  harmonic  electromotive  forces  rei)resente(l  by  the 
ordinates  of  the  curves  Ei  and  E2,  Fig.  21.    The  electromotive 

*  Note.  The  unit  of  angle  chiefly  used  in  mechanics  and  in  all  theoretical 
work  is  the  radian.  It  is  the  angle  of  which  the  arc  is  numerically  e(iual  to 
the  radius  (of  a  circle).     There  are,  therefore,  2ir  radians  in  one  circumference. 
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force  represented  by  the  curve  Ei  reaches  its  luaxiinuin  value 
hefare  the  electromotive  force  n^iJresentcMl  by  the  curve  Ei.  Tlie 
electromotive  force  Ei  is  said  to  lead  or  ho.  ahead  of  the  (electro- 
motive force  Ea  in  phase.  Convers(?ly,  the  electromotive  forct* 
E2  is  said  to  lay  behind  or  io  follow  the  electromotive  force  Ei 
in  phase.  The  same  two  electromotive  forces  Ei  and  E2  are  also 
represented   by  the  lines   O  Ei  and  O  Ea  in  the  clock  diagram, 


Fig.  22.  Pig.  23. 

Pig.  22.  Here  the  lino  O  E2  is  behind  O  Ei,  since  the  imagined 
rotation  is  connter-clockwise.  The  phase  difference  is  the  time 
interval  B  in  Fig.  21,  or  the  angle  6  between  O  Ei  and  O  Ea 
in  Fig.  22. 

When  the  angle  ^,  Fig.  22,  is  zero,  as  shown  in  Fig.  23,  the 
electromotive  forces  Ei  and  E2  are  said  to  be  in  phase.    In  this 
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Fig.  24.  Fig.  25. 

case  the  electromotive  forces  increase  together  and  decrease 
together;  that  is,  when  Ei  is  zero,  E2  is  also  zero;  and  when  Ei  is 
at  its  maximum  value,  so  also  is  Ea,  etc. 

When  0  =  90°,  as  shown  in  Fig.  24,  the  two  electromotive 
forces  are  said  to  be  in  quadrature.  In  this  ciise  one  electromotive 
force  is  zero  when  the  other  is  a  maximum,  etc. 

When  0  =  180°,  as  shown  in  Fig.  25,  the  two  electromotive 
forces  are  said  to  be  in  opposition.    In  this  case  they  are  at  each 
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instant  opposite  in  sign ;  and  when  one  is  at  its  positive  maximmn, 
the  other  is  at  its  negative  maximum,  etc. 

13.  Addition  and  Subtraction  of  Harmonic  Electromotive 
Forces  and  Currents. — Addition.  Consider  two  synchronous 
harmonic  electromotive  forces  of  which  the  successive  instan- 
tam*ous  values  ei  and  e^  are  represented  by  the  projections  of  th(^ 
lines  El  and  E2,  Fig.  26,  which  are  imagined  to  be  revolving  about 
the  point  O.  These  electromotive  forces  being  of  the  same  fre- 
quency, the  lines  Ei  and  E2  revolve  at  the  same  speed,  so  that  the 
angle  between  Ei  and  Ea  remains  unchanged  in  value.  The  ordi- 
nary arithmetical  sum  of  ei  and  6^2,  namely  ei  +  e2,  is  a  harmonic 
electromotive  force  of  the  same  frequency  as  ei  and  er,  and  this 
electromotive  force  (^1  +  €2)  is  represented  by  the  projection  of 
the  line  E,  Fig.  26,  which  revolves  at  the  same  speed  as  Ei  and  E2. 


Pig.  27. 

This  is  evident  when  we  consider  that  the  projection,  on  any 
line,  of  the  diagonal  of  a  parallelogram  is  equal  to  the  sum  of  the 
projections  of  two  adjacent  sid(»s  of  the  parallelogram,  as  shown  in 
Fig.  27.  The  projection  of  Ei  is  Oc,  which  reijresents  a;  and  the 
projection  of  E2  is  equal  to  cy/,  which  repres(»nts  6*2.  The  projec- 
tion of  the  diagonal  Oh  of  the  imrallelogram  is  (V/,  whicli  is  the 
sum  of  Oe  and  cd.  The  two  lines  marked  E2  in  Fig.  27  are  equal 
and  i>arallel,  and  have  therefore  the  same  projected  length  on  the 
vertical  line. 

Carollary.  The  ordinary  arithmetical  sum  {ei  +  e^  +  e^  -\- 
etc.),  of  the  instantaneous  values  of  any  nimiber  of  synchronous 
electromotive  forces  (or  currents),  is  another  harmonic  electro- 
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Fig.  28. 


motive  force  (or  cturent)  of  the  same  frequency;  and  it  is  repre- 
sented in  magnitude  and  phase  by  a  line  that  is  the  geometric  (or 
vector)  sum  of  the  lines  representing  the  given  individual  electro- 
motive forces  (or  currents).  This  is  evident  when  we  consider  that 
ei  +  ^2  is  a  harmonic  electromotive  force  (or  current)  according  to 

the  above  discussion;  and  this, 
added  to  cs,  gives  an  electromotive 
force  (or  current)  which  is  har- 
monic  and  of  the  same  frequency 
as  €iy  e^y  and  es. 

The  geometric  or  vector  sum 
of  a  number  of  lines  is  defined  as 
follows:  Given  three  lines  O  Ei, 
O  E2,  and  O  Es,  Fig.  28.  Find 
the  diagonal  O  A  of  the  imrallel- 
ogram  constructed  on  O  Ei  and 
O  E2  as  sides.  This  gives  the 
vector  sum  of  O  Ei  and  O  E2. 
Next  construct  a  imrallelogram  on  O  A  and  O  Es  as  sides;  the 
diagonal  O  E  of  this  parallelogram  is  the  vector  sum  of  the  three 
given  lines.  This  line  O  E  is  the  closing  side  of  the  polygon 
formed  by  drawing  O  Ei,  then  drawing  (O  E2)  from  the  extremity 
of  O  El  (this  giving  the  ix)int  A),  and  then 
drawing  (O  Es)  from  A.  This  method  is  called 
addition  by  7nea7is  of  the  vector  polygon. 
Subtraction.  One  harmonic  electro- 
motive force  (or  current)  is  subtracttnl  from 
another  by  reversing  the  direction  of  the  line 
that  represents  it  in  the  clock  diagram,  and 
then  adding  the  reversed  line  (or  vector)  to 
the  other.  An  example  of  the  subtraction  of 
harmonic  electromotive  forces  will  be  given  in  Fig.  29. 

connection  with  the  discussion  of  three-phase  electromotive  forces. 
Examples  of  Addition  of  Har  monic  Electromotive  Forces 
and  Currents. 

1.  TSvo  alternators  A  and  B  running  in  s)mchronism  are 
connected  in  series  between  mains  as  shown  in  Fig.  29.  If  the 
electromotive  forces  of  A  and  B  are  in  phase,  the  electromotive 
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force  between  the  mains  will  be  «imply  the  numerical  smn  of  the 
electromotive  forces  of  A  and  B.  If,  on  the  other  hand,  the  electro- 
motive forces  of  A  and  B  differ  in 
phase,  the  state  of  affairs  will  be 
as  represented  in  Fig.  30,  in  which 
the  lines  A  and  B  represent  the 
electromotive  forces  of  the  alter-  Fig.  30. 

nators  A  and  B  respectively,  tf  is  the  phase  difference  of  A  and  B, 
and  the  line  E  represents  the  electromotive  force  between  the  mains. 

2.  Two  alternators 
■■■"■""  A  and  B  running  in 
synchronism  are  con- 
nected in  parallel  be- 
tween the  mains  as 
shown  in  Fig.  31.    Let 

the    lines    A    and    B, 

^'^^'^'  Fig.  32,  represent  the 

currents  given  by  the  alternators  A  and  B  resjpectively,  the  phase  dif- 
ference being  tf ;  then  the  current  in  the  main  line  is  represented  by  I. 

3.  Two  circuits  A  and  B  are 
connected  in  series  between  the 
mains  of  an  alternator  as  shown 
in  Fig.  33.  The  line  E,  Fig.  34, 
represents  the  electromotive  force 
between   the    mains;    the  line  A  ^^^-  •^• 

represents  the  electromotive  force  between  the  terminals  of  the 
circuit  A;    and  the  line  B   represents    the    electromotive  force 

between  the  terminals  of  the  circuit  B. 

4       f"  The  circuits  A  and  B  are  supposed  to 

[       I    have  inductance.    If  one  of  the  circuits, 

I    A  or  B,  contains  a  condenser,  then  the 

—  electromotive  forces  A  and  B,  Fig.  34, 

I    may  be  nearly  opposite  to  each  other  in 

I 

I 


B 


main 


matn 


.j._i. 


phase,  and  A  and  B  may  each  be  indefi- 
nitely greater  than  thci  electromotive 
force  E  between  thi»  mains. 

4.     Two  circuits  A  and  V>,  Fig  35, 


Fig.  ,33. 
are  connected  in  parallel  across  the  terminals  of  an  alternator  as 
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shown.    The  current  I  from  the  alternator  is  related  to  the  currents 
A  and  B  as  shown  in  Fig.  36.    If 
one  of  the  circuits,  A  or  B,  con-  A. 

tains  a  condenser,   then  the  cur- 
rents A  and    B  may    be    nearly       ^^  B 
opjxDsite  to  each   other   in  phase,                      Fig.  34. 
and  the  currents  A  and  B  may  each  be  indefinitely  greater  than 
the  current  I  from  the  alternator. 

14.  Relation  between  Maximum  and  Effective  Values  of 
Harmonic  Electromotive  Forces  and  Currents.  The  efiPective 
value  E  or  I  of  a  harmonic  (that  is,  a  sine-wave)  electromotive  force 


rp<m 


(or  current),  is  equal  to  the  maximmn 
value  E  or  I  divided  by  the  square 
root  of  2.     That  is, 


12 

I  =  L. 

I   2 


(11) 


(12) 


mwn 


Proof.     Let  €«  (=^  E  sin  w/)  be 

Fig.  35.  y^    harmonic    electromotive    force.     To 

find  the  average  value  of  e^  (=  E'-*  sin^  oi^),  it  is  necessary  to  find 

the  average  value   of   the  squ^ire  of  the  sine  of  the  uniformly 

variable  angle  w/.     We  have  the  genital  relation, 

siu^  W  +  COS''  o>^  =  1,  (a) 

so  that 

Av.  sin*-*  int  +  Av.  cos*-*  a>^  =  1.      {It) 

Now,  during  a  cycle,  the  cosine  of  a  uniformly  variable  angle 
ixisses  similarly  through  the  same  set  of  valu(»s  as  the  sine;  hence 
Av.  sin^  Hit  and  Av.  cos'  w^  are  equal,  so  that  from  equation  i, 
above,  we  have: 

2  Av.  sin'''  o)^  =  1 ; 

or,  Av.  sin*  w^  =  \. 

The  average  value  of  e^  is 

Av.  e^  =  E*  Av.  sin*  mi; 

E* 


or, 


Av.  e*  = 
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and 


-Jav^' = 7f- 


In  Fig.  18  the  length  of  the  revolving  line  OP  was  nnderstoocl 
to  rejjrusent  the  maximum  value  of  the  harmonic  electromotive 
force  (or  current).  When,  however,  a  number  of  harmonic  electro- 
motive forces  (or  currents)  are  represented  to  scale  by  liiu^s  in  a 
clock  diagram,  the  lengths  of  the  lines  may  be  interpreted  as  giving 
not  maximum  but  effective  values,  since  there  is  a  constiint  ratio 

\    2  between  the  effective  and  maximmn  values  of  each  of  the 
electromotive  forces  (or  currents)  represented  in  the  diagram. 

It  is  desirable  to  interpret  the  lines  in  a  clock  diagram  in 
terms  of  effective  values  rather  than  maxi- 
mum values,  bec>ause  effective  values  are 
always  given  by  measuring  instruments 
and  are  nearly  always  U8(»d  in  numerical 
calculation.     Therefore,    unless    it  is   ex-  ^  g 

pressly  stated  to  the  contrary,  the  linens  in  Fig.  36. 

clock  diagrams  are  always  understood  to  represent  effective  values. 

Exa77)ple8,  A  certain  harmonic  alternating  current  gives  a 
reading  of  100  amperes  on  an  alternating-current  ammeter,  and  its 
effective  value  is  therefore  100  amperes.     This  harmonic  current 

actually  pulsates  between  zero  and  a  maximima  value  of  +  ^^  2  X 
100  amperes,  or  +  141.4  amperes. 

A  certain  harmonic  alternating  electromotive  force  gives  a 
reading  of  1,000  volts  on  an  alternating-current  voltmeter,  and  its 
effective  value  is  therefore  1,000  volts.     This  electromotive  force 

actually  varies  between  zero  and  a  maximum  value  of  +  l     2  X 
1,000  volts,  or  +  1,414  volts. 

This  relation  between  maximum  and  effective  values  is  true 
only  for  harmonic  (that  is,  sine-wave)  electromotive  forces  and 
currents.  In  general,  the  maximum  values  of  alternating  electro- 
motive forces  (or  currents)  cannot  be  inferred  from  effective  values 
as  measured  by  ammeters  and  voltmeters.  Thus,  an  alternating 
electromotive  force  which  is  known  to  have  a  peaked- wave  form 

might  have  a  maximum  value  very  greatly  in  excess  of  1    2  times 
its  effective  value. 
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15.  Expression  for  Power  in  Cases  of  Harmonic  Electro- 
motive Forces  and  Currents. 

(a)  When  the  current  is  in  ijhase  with  the  electromotive 
force,  that  is,  when  the  circuit  is  non-inductive,  then  the  power 
(average  ei^  see  article  9)  is 

P  =  E  I,  (13) 

in  which  P  is  the  power  in  watts,  E  is  the  effective  value  of  the 
electromotive  force  in  volts,  and  I  is  the  effective  value  of  the 
current  in  amperes.  Equation  13  is  identical  with  the  power 
equation  for  direct-current  circuits. 

(b)  If  the  phase  difference  between  current  and  electromotive 
force  were  90°,  which  can  never  actually  occur,  then  the  power 
(average  value  of  ei)  would  be  equal  to  zero,  as  explained  in 
article  9. 


Fig.  37. 


F'lfr. :«. 


(c)  When  the  phase  difference  between  current  and  electro- 
motive force  is  ^°,  as  shown  in  Fig.  37,  then 

P  ==  E  I  cos  ^,  (14) 

in  which  P  is  the  power  (average  ei)  in  watts,  E  is  the  effective 
value  of  the  electromotive  force  in  volts,  and  I  is  the  effective 
value  of  the  current  in  amperes. 

Discussion  op  Case  c.  The  given  current  I  shown  in  Fig.  37 
may  be  thought  of  as  resolved  into  two  components,  :as  shown  in 
Fig.  88.  One  of  these  comxK)neiits  (I  cos  0)  is  parallel  to  (that  is, 
in  i^haso  with)  E;  and  the  other  (I  sin  0)  is  at  right  angles  to  E. 
The  power  corresponding  to  the  actual  current  I  may  Ixi  thought 
of  as  the  sum  of  the  ixjwers  com»si)onding  to  its  two  comix)nents 
respectively.     But  the  component  I  sin  0  is  at  right  angles  to  E, 
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as  in  case  b  above;  hence  the  jyower  corresponding  to  it  is  zero. 
This  component  is  therefore  frequently  called  the  wattless  com- 
ponent of  the  given  current. 

On  the  ^ther  hand,  the  com]x>nent  I  cos  0  is  parallel  to 
(that  is,  in  phase  with)  E,  as  in  case  a  above;  hence  the  power 
corresponding  to  this  component  is  equal  to  E  X  I  cos  6.  The 
component  I  cos  0  of  the  given  current  I  is  frequently  called  the 
power  component  of  I;  and  the  factor  cos  0  is  calked  the  power 
factor  of  the  circuit. 

16.  Inductance.  It  has  been  pointed  out  in  article  0  that  an 
electric  circuit  has  a  certain  kind  of  inertia  analogous  to  the  inertia 
of  water  in  a  circuit  of  piix),  and  it  was  there  notid  that  this 
inertia  of  an  electric  circuit  is  called  inductance.  If  an  electric 
current  in  a  circuit  is  made  to  change  in  value,  a  portion  of  tlu^ 
electromotive  force  acting  upon  the  circuit  must  bo  used  to  caU'Se 
the  current  to  change. 

In  the  same  way  a  force,  over  and  above  that  required  to 
overcome  frictional  resistance,  must  act  upon  a  moving  body  to 
accelerate  it,  that  is,  to  make  its  speed  increase.  The  inertia  of  a 
body  is  measured  by  the  force  required  to  accelerate  it  at  the  rate 
of  unit  change  in  speed  per  second;  and  the  inductance  of  a 
circuit  is  measured  by  the  electromotive  force  recjuired  to  cause 
a  current  in  the  circuit  to  change  at  the  rate  of  onii  ampere  jper 
second.  A  circuit  is  said  to  have  an  inductance  of  one  henry* 
when  one  volt  (over  and  above  the  electromotive  force  requin^d  to 
overcome  the  electrical  resistance)  will  cause  the  current  to  change 
at  the  rate  of  one  ampere  per  second. 

Let  X  be  the  rate  in  amperes  lyer  second  at  which  the  current 
in  a  circuit  is  increasing  in  value.  Then  the  electromotive  force  E 
(over  and  above  that  required  to  overcome  the  resistance  of  tht^ 
circuit)  required  to  cause  the  current  to  increase  at  this  rate  is: 

E  =  L  r,  (15a) 

in  which  L  is  the  inductance  of  the  circuit  in  henrys,  E  being 
expressed  in  volts. 

*  Note.  The  henry  is  a  very  large  inductance,  and  the  inductances  usually 
met  with  in  practice  are  expressed  in  thousandths  of  a  henry,  that  is,  in 
miUi-henrys. 
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Example,  The  coil  of  a  large  electro-magiiet  has  2.5  henrys 
of  inductance  and  5  ohms  of  resistance.  At  a  given  instant  this 
coil  is  connected  to  110- volt  direct-current  mains.  At  the  instant 
of  connecting  the  coil,  the  current  is  zero,  and  all  of  the  110  volts 
is  used  to  cause  the  current  in  the  coil  to  increase,  so  that,  accx)nl- 
ing  to  equation  15a,  x  is  equal  to  E/l,  or  110  volts  -f-  2.5  henrys, 
or  44  amperes  per  second.  That  is,  the  current  in  the  magnet  coil 
begins  to  increase  at  the  rate  of  44  amx^eres  per  second.  When 
the  current  in  the  magnet  coil  has  reached  the  value  of  10  amperes, 
50  volts  (=5  ohms  X  10  amperes)  of  the  totiil  110  volts  are  used 
in  overcoming  the  resistance  of  the  coil,  so  that  (50  volts  (=110 
volts  —  50  volts)  are  used  to  make  the  current  increase.  There- 
fore, as  the  current  in  tht^  coil  imsses  the  value  of  10  amperes,  it  is 
increasing  at  the  rate  El  =  GO  volts  -h  2.5  hcnirys  =  24  amperes 
per  second. 

The  uidiictance  of  a  coil  ivouiul  on  a  given  spool  h  propor- 
tional  to  the  square  of  the  number  of  turns  JV  of  wire.  For 
example,  a  given  spool  wound  with  No.  1()  wire  has  500  turns  and 
an  inductance  of,  say,  0.025  henry;  the  same  B\yoo\  wound  with 
No.  28  wire  would  have  about  ten  timi»s  as  many  turns,  and  its 
inductance  would  be  about  100  times  as  great,  or  2.5  henrys. 

The  inductance  of  a  coil  of  given  shape  is  proportional  to  its 
linear  dimensions,  the  nunwer  of  turns  of  wire  being  unchanged. 
For  example^  a  given  coil  has  an  inductance  of  0.022  henry;  and  a 
coil  three  times  as  large  in  length,  diameter,  etc.,  but  having  the 
same  number  of  turns  of  wire,  has  an  inductance  of  0.06(5  henry. 

Formulae  for  Calculating:  Inductance.  The  inductance  in 
henrys  of  a  coil  of  wire  wound  in  a  thin  layer  on  a  long  wooden 
cylinder  of  length  I  centimeters  and  of  nwlius  /•  ciuitimeters,  is: 

in  which  N  is  the  total  numbcT  of  turns  of  wire  in  the  coil.  This 
equation  is  strictly  true  for  very  long  coils  woimd  in  a  thin  layer; 
but  the  equation  is  very  useful,  also,  in  calculating  the  approxi- 
mate inductance  of  even  short,  thick  coils.  Thus  a  coil  25  centi- 
meters long  and  2\  centimeters  mean  radius,  containing  150  turns 
of  wire,  has  an  approximate  inductance  of 
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^  =  "-W^l^  =  ^-^^2  henry. 

If  a  coil  of  N  turns  of  wire  is  wound  on  a  long  rod  of  iron, 
instead  of  woixl  or  other  non -magnetic  material,  the  inductance  in 
henrys  is  given  by  the  ecjuation 

in  which  L  ,  r,  N,  and  I  are  the  same  as  in  equation  15b,  and  ft 
is  the  permeability  of  the  iron  core  at  the  particular  flux-density 
produced  in  the  iron.  This  equation  applies  to  any  iron  rod  of 
length  I  centimeters  and  radius  ?•  centimeters,  wound  with  N  turns 
of  wire,  whether  in  the  form  of  a  long,  straight  rod  or  bent  into  a 
closed  ring. 

The  permeability  fi  of  iron  varies  from  500  to  1,000  or  more; 
and  therefore  the  effect*  of  placing  an  iron  core  in  a  coil  is  greatly 
to  increase  the  inductance  of  the  coil. 

The  iron  core  of  an  inductance  coil  to  be  used  with  alternating 
currents  should  be  laminated  to  reduce  eddy  currents  and  con- 
sequent loss  of  energy,  and  to  prevent  excessive  heating  of  the  core. 

Examples.  The  inductance  of  the  field  coil  of  a  certain 
shunt- wound  dynamo  is  7.5  henrys. 

The  inductance  of  a  pair  of  No.O,  B.  &  S.  copper  line  wires 
carried  at  a  distance  of  18  inches  apart  on  a  pole  lilie,  is  0.0035 
henry  i)er  mile. 

The  inductance  of  the  secondary  coil  of  a  large  induction  coil 
(X-ray  coil)  having  200,000  turns  of  wire,  is  2,000  henrys. 

Inductances  in  Series  and  in  Parallel.  The  inductance  of  two 
or  more  coils  in  series  is  equal  to  the  sum  of  the  individual 
inductances. 

The  equivalent  inductance  of  two  or  more  similar  coils  in 
parallel  J  such  as  the  similar  coils  on  an  armature,  is  equal  to  Vn  of 
the  inductance  of  one  coil,  7i  being  the  number  of  coils  connected 
in  parallel. 

*  Note.  The  permeability  a*  of  a  given  sample  of  iron  is  not  constant, 
but  decreases  in  value  as  the  ma^^notizing  force  increases.  Therefore  the 
inductance  L  of  a  coil  having  an  iron  core,  is  not  a  deHnite  constant  quantity 
as  is  the  inductance  of  a  coil  without  nn  iron  core. 
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inductance  and  resistiinc*^  are  insexxirable.  Ni»vertheless  induc^ 
tanccand  resist^ince  aro  essentially  different  in  nature  and  in  their 
effects,  and  they  are  always  consid(Te<l  sepirately,  so  that  it  is 
helpfid  to  think  of  them  as  actually  separated  in  a  circuit,  as 
indicated  in  Fig.  40.  A  resist^ince  is  conventionally  represented 
thus,  — VVW- ;  an  inductance  thus,  -^DDODORT^  5  ^ii^l  '^  condenser 
thus,     f^SH- . 

The  current  in  the  circuit.  Fig.  40,  is  assumed  to  be  harmonic, 
that  is,  to  be  a  sine- wave  current,  and  this  current  is  represented 
by  the  line  O  I  in  Fig*  41. 

A  portion  of  the  electromotive  force  of  the  alternator  is  used 
to  overcome  the  resistance  of  the  circuit.    The  portion  of  the 


Fig.  40. 
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Fig.  41. 


electromotive  force  so  used  is  an  alternating  electromotive  force  of 
which  the  effective  value  is  RI;.it  is  in  phase  with  the  current,  and 
is  represented  by  the  line  RI  in  Fig.  41. 

A  portion  of  the  electromotive  force  of  the  alternator  is  used 
to  overcome  the  inertia  or  inductance  of  the  circuit  in  causing  the 
current  to  increase  and  decrease.  The  ix)rtioii  of  the  electromotive 
force  so  used  is  an  alternating  electromotive  forc^  of  which  the 
effective  value  is  wLI;  it  is  90°  ahead  of  I  in  phase,  and  is 
represented  by  the  line  wLI  in  Fig.  41.  The  quantity  cu  is  equal 
to  27r  times  the  fn^iuency  of  the  current  I. 

A  portion  of  the  electromotive  force  of  the  alternator  is  used 
to  ov(Tcome  what  we  have  previously  called  the  electro-t^lasticity  of 
the  condenser,  or,  in  other  wortls,  to  hold  electric  charge  on  the 
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condenser  2)lates  at  each  instant.    The  i^rtion  of  the  (»h»(»troniotive 
force  so  used  is  an  alternating  ehKstrouiotive  forct^  of  which  the 

eflfective  value  is  — j:^  5  it  is  90'^  behind  I  in  phase,  and  is  reprc»simt(Hl 

CO  VV 

by  the  line  -  .^  in  Fig.  41. 

The  total  electromotive  force  E  of  the  alternator  is  equal  to 
the  geometric  (or  vector)  sum  of  the  parts  RI,  wLI,  and  I  /  wC. 
This  vector  sum  is  formed  by  subtracting  I  /  wO  from  wLI,  since 
it  is  opposite  to  cdLI   in  direction,  and    then  adding  RT    and 


coC 


(ff^i-ddA 


(«LI  —  I  /«C)  geometrically,  as  shown  in  Fig.  42,  in  which  the 

Une  Oa  represents  («LI   —   — ^),  and  the  line  E  represents  tlm 

geometric  sum  of  Oa  and  RI. 

From  Fig.  42  we  have,  by  geometry: 

E2=  R2  P  +  (a,  L  I ^^)^ 


or, 


or. 


D 


E»  =  I*  I    R»  +  («)  L  —  - 

E 


.\S 


1  = 


>[ 


(19) 


The  quantity  w  L —       /t      i^   calltHl    the   reactance  of    the 
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circuit  Th(!  t<nn  co  L  is  oft<'n  oallf<l  inductance  reactance; 
and  the  term  — ^  r  i«  often  called  capacity  reactance.  Inductance 
reactance  is  always  ix)sitive,  and  caimcity  reactance  is  always 
negative.     It  is  convenient  to  represent  the  reactance  a>  L ^ 

a>  C 

of  a  circuit  by  the  single  letter  X;  that  is 

X  =  .L--l^-.  (20) 

Therefore,  writing  X  for  a>  L — —  in  equation  19,  we  have: 

I^---:^^^_.  (21) 

^  K'  +  X-^ 

Furthermore,  from  the  riglit  triangle  in  Fig.  42,  we  have: 

1 


O) 


L  — 


f        /J  a,C 

tan  0  =^ 


R 


or,  tan  0  ---.  -^-,  (22) 

in  which  B  is  the  nn^k?  of  phase  lag  of  the  current  I  behind  the 
electromotive^  force  E,  X  is  tlu^  reactance  of  the  circuit,  and  R  is 
the  resistance*  of  tin?  circuit. 

19.  Resistance,  Reactance,  and  Impedance.  Consider  a 
harmonic  alternating  (»l(»ctroniotive  force  E  which  produces  a 
harmonic  alti^nating  current  I  in  a  circuit.  This  electromotive 
force  may  be  resolved  into  two  coniiX)nents,  one  i){irallel  and  the 
other  ix^rpendi(uilar  to  I,  as  shown,  for  (example,  in  Fig.  41.  The 
coinix)n(;nt  of  E  parfillel  to  T  is  ec^ual  to  RI.  The  resistance  of  an 
alternating-current  circuit  is  sometimes  defined  as  that  factor 
which,  multiplicnl  by  tlui  current,  givi?s  the  comi)onent  (of  the 
electromotive  force*)  which  is  parallel  to  I. 

The  comi)onent  of  E  periH'ndicular  to  I  is  (»qual  to  a»  LI —-, 

or  to  X  I.  Th(^  reactance  of  an  alternating-current  circuit  may  be 
defined  as  that  factor  which,  multiplied  by  the  current,  gives  the 
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component  (of  the  electromotive  force)  which  is  perpendicular  to  I. 

The  factor  V^R^~+X^,  which,  when  multiplied  by  the  current  I, 

gives  the  total  value  of  the  electromotive  force  E,  is  called  the 

impedance  of  the  alternating-current  circuit.    Of  course,  E  divided 

by  the  imixniance  gives  the  value  of  the  current  I. 

Resistance,  reactance,  and  impedance  are  all  expressed  in  ohms;  we  may, 
for  example,  speak  of  10  ohms  of  resistance,  10  ohms  of  reactance,  or  10  ohms 
of  impedance.  Thus,  ohms  are  Used  in  alternating-current  work  to  express  the 
three  essentially  different  things — resistance,  reactance,  and  impedance;  and 
a  specification  of  a  certain  number  of  ohms  is  not  intelligible  unless  it  is  stated 
whether  it  is  ohms  of  resistance,  ohms  of  reactance,  or  ohms  of  impedance. 

The  reactance  and  the  impedance  of  a  circuit  depend  upon  the 

frequency  of  the  alternating  current,  as  well  as  upon  the  i^hysical 

constants  L  and  C  of  the  circuit,  since  the  factor  w  is  equal  to 

2  v  times  the  frequency. 

.it 


coC 


(^Ll-jjfe) 


I 


Fig.  43. 
The  reactance  of  a  circuit  may  be  positive  or  negative,  accord- 
ing as  (i>  L  is  larger  than  or  less  than  — ^^  •      When   reactance   is 
positive,   the    inductance   reactance   ^  L    exceeds    the    capacity 

^,  and  the  current  is  behind  the  electromotive  force 


reactance 


O 


in  phase,  as  shown  in  Fig.  42.  When  the  reactance  is  negative, 
the  capacity  reactance  exceeds  the  inductance  reactance,  and  the 
current  is  ahead  of  the  electromotive  force  in  phase,  as  shown  in 
Fig.  43. 

20.    Special   Cases   of    Electromotive    Force    and    Current 
Relations  in  Alternating-Current  Circuits.    A  clear  understand- 
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ing  of  the  following  examples  as  special  cases  of  the  general 
relations  of  electromotive  force  and  current  as  discussed  in  articles 
18  and  19,  depends  upon  the  following  facts: 

1.  That  the  efifect  of  inductance  in  an  alternating-current  circuit 
becomes  negligible  when  the  inductance  is  very  small,  for  then  the  reactance 
u  L  due  to  the  inductance  is  small,  and  the  portion  of  the  electromotive  force 
required  to  overcome  the  inductance  (namely,  «  L  I,  Pig.  41)  is  also  smalL 

2.  That  the  efifect  of  a  condenser  in  an  alternating-current  circuit 
becomes  negligible  only  when  the  capacity  of  the  condenser  is  very  large,  for 

then  the  reactance  —  -  q—  due  to  the  condenser  is  small,  and  the  portion 
of  the  electromotive  force  required  to  overcome  the  electro-elasticity  of  the 

condenser    (namely,       ^q   ,  Pig.  41),  is  also  small. 

The  effect  of  an  inductance  may  be  rendered  negligible  by 
short-circuiting  it  with  a  low-resigtance  wire;  and  the  effect  of  a 
condenser  also  may  be  rendered  negligible  by  short-circuiting  it 
with  a  low-resistance  wire. 

Case  A.  Non-inductive  or  Non-reactive  Circuits.  A  circuit 
which  does  not  contain  a  condenser  and  does  not  have  any  per- 
ceptible inductance  is  called  a 
non-reactive  circuit.  The  term 
non-inductive  is  frequently  used 
in  the  sense  in  which  non-reactive 
is  here  defined.  A  non-reactive 
circuit  contains  only  resistance; 
and  the  totid  electromotive  force 
required  to  produce  a  given  alter- 

nating  current   I   in   a  non-reac- 

Pig.  44.  tive  circuit  of  which  the  resistance 

is  R  ohms,  is  RI  volts,*  and  the  electromotive  force  and  current 
are  in  phase  with  each  other.  Therefore  the  relation  between 
alternating  electromotive  force  and  current  in  a  non-reactive  circuit 
is  precisely  the  same  as  in  the  case  of  direct  currents.     That  is, 

E  =  RI; 

or,  1=^.  (23) 


R 


Fig.   44   represents   a   non-reactive   circuit   connected   to  an 


*  Note.    Efifective  values  are  always  understood  except   where   it  is 
distinctly  stated  to  the  contrary. 
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alternator  A;  and  Fig.  45  shows  the  relation  between  the  electro- 
motive force  and  current. 

Example.  Any  circuit  in  which  the  outgoing  and  returning 
wires  are  very  near  together,  has  very  small  inductance.  An  ordi- 
nary incandescent  lamp,  for  example,  has  a  negligible  inductance. 
0^^ — >'    An  incandescent  lamp  the  resis- 

Fig.  45.  tance  of  which  when  hot  is  220 

ohms,  takes  half  an  ampere  effective  when  connected  to  alternat- 
ing-current supi^ly  mains  between  which  the  effective  electromotive 
force  is  110  volts;  the  current  is  in  phase  with  the  electromotive 
force,  and  the  ix)wer  in  watts  is  equal  to  the  product  of  effective 
volts  times  effective  amperes,  or  55  watts.  Alternating-current 
voltmeters  are  always  made  as  nearly  as  ix)ssible  non-inductive. 

Case  B.  Circuits  Containing  Resistance  and  Inductance, 
In  this  case  the  reactance  X  (=  w  L)  is  jxjsitive,  and  the  current 

1        > 

? 


IE 


I 

I 

± 


Fig.  47. 


Fig.  46. 
lags  behind  the  electromotive  force  in  phase,  as  before  pointed  out. 

The  tangent  of  the  angle  of  hig  is  equal  to  — p— ,    according    to 

ecjuation  22;  therefore  the  angle  of  lag  of  the  current  is  small  when 
X  is  small  compared  with  R,  and  the  angle  of  lag  approaches  90° 
when  X  is  very  large  compared  with  R. 

Fig.  46  represents  a  circuit  containing  resistance  and  induc- 
tance, connected  to  an  alternator  A ;  and  Fig.  47  shows  the  relation 
between  the  electromotive  force  and  current. 

Example.  A  coil  of  wire  usually  has  a  very  considerable 
inductance,  especially  if  it  is  wound  on  a  laminated  iron  core.  In 
fact,  a  coil  wound  on  a  laminated  iron  core  usually  has  so  large  a 
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reactance,  X  (=  <«>  L),  that  the  angle  B,  Fig.  47,  is  very  nearly  90°. 
Thus,  a  certain  coil  has  a  resistance  of  2  ohms  and  an  inductance 
of  0.3  henry  when  provided  with  a  laminated-iron  core.  This  coil 
is  connected  to  an  alternator  giving  1,000  volts  effective  electro- 
motive force  at  a  frequency  of  133  cycles  per  second,  so  that  the 
factor  «  is  equal  to  2  ir  x  133,  or  835.7  radians  per  second;  the 
reactance  of  the  coil  is  835.7  X  0.3,  or  250.7  ohms;  the  impedance 

1 000 

2^  +  250.7^  or  250.7  ohms;  the  current  is      '  ^  -  ,   or   3.989 

2o0.7 


is^ 


amperes;  the  current  lags  about  89 J°  behind  the  electromotive 
force;  and  the  ix)wer  delivered  to  the  coil  is  1,000  volts  X  3.989 
amperes  X  cos  89J°,  which  is  equal  to  34.82  watts  (==  R  I^).  The 
product  EI,  sometimes  called  apparent  watts,  is  equal  to  3,989 
volt-amperes. 

This  example  illustrates  one  remarkable  feature  of  alternating  currents — 
namely,  the  ver>'  small  amount  of  actual  powder  that  is  delivered  to  a  circuit 
of  large  reactance  even  though  the  electromotive  force  is  large  and  the  cur- 
rent considerable.  In  the  case  of  a  direct  current,  3.989  amperes  taken  from 
1,000-volt  mains  would  moan  an  actual  deliver>'  of  3,989  watts  of  power,  while 
in  the  above  case  the  actual  power  delivered  is  only  34.82  watta.  The  ratio 
frwe  watts  -.-  apparent  watts  is  called  the  power  factor  of  a  circuit;  and  in 
case  of  the  coil  here  under  discussion,  this  ratio  is  equal  to  about  0.008 
(=  cos  6). 

One  never  i^ncouuters  in  j)ractice  a  circuit  in  which  the 
reactance  is  so  large  compared  to  the  resistance  as  in  the  above 
example;  that  is,  he  never  encoimters  one  in  which  the  power 
factor  is  so  small  as  0.008.  Cases  are  often  met  with,  however, 
where  the  reactance  is  from  two  to  ten  times  as  large  as  the 
resistance.  Thus,  one  of  the  primary  windings  of  a  certain  110- 
volt  induction  motor  has  a  resistance  of  0.7  ohm  and  a  reactance 
of  4.2  ohms.     When  the  motor  is  running  at  zero  load  this  circuit, 

according  to  equation  21,  takes _- .  =  .  ,^^., ,    or  25.83 

^  ^  V  0.7*^  +4.2^        4.2o8' 

amperes;    the   angle   of  phase   lag  of   tlie   current,  according  to 

equation  22,  is  about  80|";  and  the  ix)Wi»r  factor  of  the  circuit 

is  O.KM. 

A  circuit  which  contains  a  coil  wound  on  an  iron  core  takes 

more  power  than  is  ex^x^nded  in  the  mere  heating  of  the  wire, 

namely  RI",  for  some  power  is   consmned  in  the  iron  core  on 
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account  of  magnetic  hysteresis  and  Mdy  currents.  In  the  above 
examples  this  consumption  of  ix)wer  in  an  iron  core  is  neglected 
for  the  sake  of  simplicity. 

Case  C.     Circuits  Containing  Resistance  and  a  Condenser, 

In  this  case  the  reactance  X   (=  —  —71-)  is  m^gative,  and  the 

current  leads  the  electromotive  force  in  pliasi*,  as  before  jwinted 

X 

out.     The  tangent  of  the  angle  of  lead  is  equal  to   "   ,  according 

to  equation  22;  and  therefore  the  angle  of  U^ad  of  the  current 

is  small  when  X  is  small  compared  with  R  (tliat  is,  when  <i>C  is 

large),  while  the  angle  of 

lead    of    the    current    a^)- 

proaches    90°   when  X   is 

large  compjired  with  R(that 

is,  when  wC  is  small). 

Fig.  48  represents  a 
circuit  containing  resis- 
tance and  a  condenser,  con- 
nected to  an  alternator  A ; 
and  Fig.  49  shows  tlie 
relation  between  thti  elec- 
tromotive force  and  current. 


T 

I 

I 
I 

I 
I 
I 
I, 


i 


Fig.  4S. 


Example,  A  condenser  with  a  capacity  of  2  microfarads 
(which  is  large,  as  condensers  go)  is  connected  to  alternating- 
current  mains  througli  a  resistance  coil  of  200  ohms.    The  effective 

.  electromotive  force  between 
the  mains  is  1,000  volts, 
and  the  frequency  is  133 
cycles  ix»r  second,  so  that 
the  factor  (o  is  equal  to 
835.7  radians  \^y  second; 
the  reactance  of  the  con- 
Fi{,^49.  denscT      is      598.3      ohms 

(negative);  the  imixxlaiice  of  the  circuit  is  r)r>0.85  ohms;  the 
current,  according  to  ecpiation  21,  is  1.5S5  anqxTcs;  the  currcMit, 
according  to  equation  22,  is  Tl""  31'  ahead  of  th(j  electromotive 
force  in  phase;  and  the  i)()W(T  delivered  to  Ww,  circuit  is  1,000  volts 
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X  1.585  amperes   X  cos  71°  84',  which  is  equal  to  501.2  watts 
(=RP). 

If  the  abovi^  condenser  is  connecUnl  to  the  1,000- volt  133-cycle 
mains  through  a  wire  of  negligible  resistance,  then  the  current 

will  be    ^ '  ,  o — \ »  or  1.671  amperes;  the  current  will  be  very 

598.3  ohms  '  ^      '  J 

nearly  90°  ahead  of  the  electromotive  force  in  phase;  the  power 

factor  will  be  nearly  zero;  and  of  course  the  ix>wer  delivered  to  the 

condenser  will  be  nearly  zero. 

A  circuit  containing  a  condenser  takes  a  little  more  jxjwer 
than  is  expended  in  the  mere  heating  of  the  wire,  namely  R  I^,  for 
some  power  is  consumed  in  the  insulating  material  between  the 
condenser  plates.  In  the  above  examples,  this  consumption  of 
power  in  the  insulating  material  of  a  condenser  is  neglected  for  the 
sake  of  simplicity. 

Case  D.     Circuit  in  which  the  Inductance  Reactance   a»  L 

is  Balanced  hy  the  Capacity  Reactance  — ^^-.      In     this     case 

E 
equation  19  reduces  to  I  ==      ^    ;  that  is,  the  electromotive  forc^ 

acting  upon  the  circuit  has  to  overcome  resistance  only,  as  in  case 

of  the  non-reactive  circuit.     This  case,  in  which  w  L  —         .^ 

is  equal  to  zero,  is  considered  again  in  the  following  article,  on 
resonance. 

21.  Electric  Resonance.  Consider  a  circuit,  like  the  one 
shown  in  Fig.  40,  containing  a  given  resistance  R,  a  given  induc- 
tance L,  and  a  given  ca^xicity  C.  Supix)se  that  the  alternator  A 
is  at  first  run  at  very  slow  si)eed  so  as  to  give  very  low  frequency, 
and  is  then  gradually  increased  in  speed  so  as  to  cause  the 
frequency  to  increase.  This  gradual  increase  of  frequency  will 
cause  a  gradual  increc^ise  in  the  value  of  the  factor  w  (ei^mil  to  2  w 
times  the  frequency);  and  as  (o  increases,  the  following  relations 

between  inductance  reactance  w  L   and  capacity  reactance  — 7=- 

will  obtain: 

(a)  At  first,  when  the  frequency  is  ver>'  low  (few  cycles  per  second),  the 
value  of  w  is  small.     Therefore    the    inductance    reactance  «  L  is  small; 
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the  capacity  reactance — v-,—  is  large;  and  the  total  net   reactance  «L   — 

>^     is  negative,  and  very  nearly  the  same  as  —  /^  alone. 

(6)    As  the  frequency  increases,  the  value  of  w  increases.    Therefore  the 
inductance  reactance  wL  increases;  the  capacity  reactance  -     .^-decreases; 

and  the  total  net  reactance   w  L   —  p=—  decreases  in  value  on  account  of 

a;  (J 

the  increase  of  «  L,  and  also  on  account  of  the  decrease  of       .^  -  .    For  a  cor- 


ta 


C 


tain  critical  value  of  the  frequency,  w  L  becomes  oquixl  to  -    ^^,  so  that  the 
total  net  reactance  is  then  zero.    That  is: 

wL —  =0* 

«  C  ' 


or, 
or, 
or, 


1_ 

1 
LC  ' 

1 


(a 


~  v/  LC' 
or,  since  w  equals  2  «-/',  we  have: 

^'  =  2.   )-LC  (24) 

in  which  /'  is  the  critical  value  of  the  frequency  for  which  inductance 
reactance  is  balanced  by  capacity  reactance  in  the  given  circuit,  L  l>emg  the 
inductance  of  the  circuit,  and  C  the  capacity  of  the  condenser.  Soe  Fig.  40. 
(c)  As  the  frequency  increases  beyond  the  critical  value/',  the  induct- 
ance reactance  w  L  continues  to  increase;  the  capacity  reactance  continues  to 

decrease;     and    the    net   reactance   w  L  —   p^-,  now  positive  in   value, 

continues  to  increase  in  value. 

Now,  imagine  the  electromotive  force  of  the  alternator  to  be 
constant  in  value^  although  increasing  in  frequency  as  the  alter- 
nator is  speeded  up.  The  current  in  the  circuit  will  at  first 
increase  with  increasing  frequency  until  the  critical  f recjuency  /' 
(see  equation  24)  is  reached,  and  then  the  current  will  decrease  in 
value  as  the  frequency  increases,  a  maximum  value  of  current 
being  produced  at  the  critical  frequency/'.     This  production  of  a 
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muximnm  cTirrent  at  the  criticul  frequency  /'  is  called  electrical 
resonance.    At   critical   frequency   the   reactauce    lu   L ^ 

is  zero;  and  the  general  equation  (19)  reduces  to  I  —     „    .as  ex- 

plained  in  Case  D  of  article  20.  That  is,  the  value  of  the  current 
it  the  critical  frequency  is  determined  solely  by  the  resistance  of 
the  circuit. 

The  variation  of  current  in  a  circuit  like  that  shown  in  Fig.  40, 
with  increasing  frequency,  electromotive  force  being  kept  constant 
in  value,  is  shown  graphically 
in  Fig.  50,  which  is  calcu- 
lated from  the  following  data: 
E  =  200  volts,  effective; 
R  =  2  ohms;  L  =  0.352 
henry;  and  C  =  20  micro- 
farads. 

The  critical  frequency  cor- 
e's- ^  responding  to  these  values  of 
L  and  C  is  60  cycles  [jer  second,  according  to  equation  24.  The 
maximum  point  of  the  curve  is  not  a  cusp,  as  would  appear  from 
the  figure;  but  the  curve  is  rounded  at  the  top,  the  figure  beii^ 
drawn  on  too  small  a  scale  to  show  it. 

The  important  physicjil  fujitun^s  of  electric  resonance  are 
explained  in  the  next  two  articles,  22  and  23, 

22,  Multiplication  of  Electromotive  Force  by  Resonance. 
When  resonance  existij  in  a  circuit  containing  an  inductance  and  a 
condenser  in  series,  the  alternating  electromotive  force  <u  L  I 
between  the  terminals  of  the  inductance,  and  the  alternating 
electromotive  force  I  /  to  C  between  the  terminals  of  the  condenser, 
may  each  be  much  greater  than  the  alternating  electromotive  force 
E  I  which  acts  upon  the  circuit.  This  fact  is  easily  understood 
by  means  of  the  mechanical  analc^ue.  If  even  a  very  weak 
periodic  force  act  nix>n  a  weight  which  is  susixjiidetl  from  a  spiral 
spring,  the  weight  will  bt!  set  into  viohnt  vibration,  provided  the 
frequency  of  the  fon^e  is  the  same  as  th(!  proi»(,T  fn-quency  of 
ost^illation  of  the  body.  The  forces  acting  on  the  spring  may 
reach  enormously  greater  values  tliau  the  pL'riodic  force  which 
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maintains  the  motion  of  the  system.  Moreover,  the  forces  which 
act  npon  the  weight  to  produce  its  np-and-down  acceleration  may 

reach  values  very  much  larger  than  the 
^^  periodic    force    which    maintains   the 

,  ,  motion. 

u>Ll 

Example.    A  coil  having  an  induc- 
tance of  0.352  henry  and  a  resistance 
^^^^    y  I  ^    of    2    ohms,  and    a    condenser  of  20 

microfarads    capacity,    are    connected 
L  in  series   between  alternating-current 

mains.     The  critical  frequency  of  this 

circuit  is  60  cycles  per  second,  accord- 

^  ing  to  equation  24.     The  electromotive 

Fig.  51.  force  between  the  mains  is  200  volts, 

and    its    frequency    is    60   cycles    per   second.     The   current   in 

the  circuit  is  — ^ — ^^ ,  or  100  amperes,  according  to  (equation  19; 

the  effective  electromotive  force  betwet»n  the  condenser  terminals 
is  13,270  volts  effective  (=  I/wC);  and  the  electromotive  force 
between  the  terminals  of  the  inductance  is  also  13,270  volts  effec- 
tive (=^  w  L  I). 

The  multiplication  of  electromotive  force  by  resonance  may  be 
clearly  understood  with  the  help  of  the  clock  diagram,  Fig.  51. 
The  electromotive  force  «  L  I  required  to  overcome  inductance 
reactance  is  equal  and  opposite  to  the  electromotive  force  I  /  a>  C 


6_ 

B 


Fig.  52. 

required  to  overcome  capacity  reactance,  as  shown  in  Fig.  51,  so 
that  the  geometric  smn  of  co  L  I,  I  /  <o  C,  and  RI  is,  simply,  RI. 
A  transmission  line  has  both  inductance  and  capacity,  and  therc»- 
fore  electric  resonance  may  occur  on  a  transmission  line.  Tlie 
phenomena  of  a  transmission  line,  however,  are  very  greatly  com- 
plicated by  the  fact  that  the  caimcity  is  distributed;  and  a  simple 
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explanation  of  line  resonance  can  be  given  only  by  approximation, 
as  follows: 

An  alternator  A,  Fig.  52,  delivers  current  to  a  long  trans- 
mission line.  The  resonance  effects  are  nearly  independent  of 
whether  the  receiving  apparatus  at  B  is  connected  or  not.  We  shall 
therefore  consider  that  the  receiving  apparatus  is  disconnected,  and 
that  the  ends  of  the  two  transmission  lines  are  insulated  from 
each  other. 

A  first  approximation  to  the  behavior  of  the  line  may  be 
obtained  by  looking  uxx)n  the  distant  end  of  the  line  b  b  b  as  a, 
condenser  purely  and  simply,  while  the  n(?ar  end  of  the  line  a  a  a 
is  looked  uix)n  simply  as  an  inductance.  The  transmission  line 
shown  in  Fig.  52  is  then  equivalent  to  the  combination  shown  in 
Fig.  53,  which  is  identical  with  the  combination  shown  in  Fig.  40. 
The  value  of  L  may  be  taken  as  the  inductance  of,  say,  half  the 
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Fig.  5.3. 

length  of  the  line;  and  the  capacity  C  may  be  taken  as  the  cajmcity 
of  the  distant  half  of  the  transmission  line.  Then,  if  the  alternator 
A  gives  a  frequency  equal  to  the  critical  value  for  these  values 
of  L  and  C,  as  per  equation  24,  we  shall  have  resonance,  and  the 
electromotive  force  between  the  lines  at  the  distant  end  (between 
terminals  of  C,  Fig.  53)  may  be  gn^atly  in  excess  of  the  electro- 
motive force  of  the  alternator  A.  This  condition  actually  occurs 
in  the  practiced  oix^ration  of  long  transmission  lines;  and  it  is  not 
an  uncommon  thing  to  have  as  much  as  11,000  volts  at  the  receiving 
end  of  a  long  transmission  line  when  the  electromotive  force  of  the 
generator  is  but  10,000  volts. 

23.  Multiplication  of  Current  by  Resonance.  An  alternator 
A,  Fig.  54,  delivers  current  to  a  circuit  which  divides  at  the  points 
a  and  b  into  two  branches,  one  branch  containing  an  inductance  L, 
and  the  other  branch  containing  a  capacity  C,  as  shown.  The  two 
branches  constitute  a  closed  circuit  in  and  of  themselves ;  and  if  the 
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freqnency  of  tlio  alternator  is  «?qual  to  tlu!  oriticul  fn'<(ueucy  of  tin- 
circuit  constitiititl  hy  tlio  two  branches— that  is,  if  thts  freqtu'ucy 

1 


2  IT 


of  the  alternator  is  eqiinl  to 
the  small  current  I   from    the 

ZDl. 


h 


J 


Fig  54. 


,  as  jx^r  eciuation  24,  then 

1     L  C 

alternator  will  divide  into  two 
currents  Ii  and  Ij  in  the  respec- 
tive branches,  and  the  currents 
Ii  and  la  may  eacb  be  very  much 
larger  in  value  than  the  undi- 
vided current  I.  The  fact  is 
that,  because  of  resonance,  a  very 
large  current  is  made  to  surge 
back  and  forth  around  the  closinl 
circuit  formed  by  the  two 
brauch(*8. 


The  multiplication  of  current  by  n^sonance  may  be  clearly 
understood  with  the  help  of  the  clock  diagram.  Fig.  55. 

The  line  OE  represonta  the  electromotive  force  l>etwoen  the  branch 
points  a  and  b  (see  Fig.  54);  the  line  Ij  represents  the  lagging  current  which 
the  electromotive  force  E  produces  in 
the  branch  containing  the  inductance; 
the  line  I,  represents  the  leading  cur- 
rent which  the  electromotive  force  E 
produces  in  the  branch  containing  the 
condenser;  and  the  line  I,  which  is  the 
geometric  sum  of  Ii  and  I  a,  represents 
the  total  current  in  the  undivided  part 
of  the  circuit  in  Fig.  54. 

Example.    Three  similar  32- 
candle-power  incandescent   lamps  Fig.  55. 

A,  B,  and  D,  Fig.  56,  each  having  100  ohms  resistance,  are  con- 
nected as  shown,  to  550- volt  mains;  L  is  an  inductance  of  0.597 
henry;  and  C,  a  capacity  of  2.49  microfarads.  Then  the  current 
flowing  through  the  lamp  A  is  not  quite  0.4  ampere,  while  one 
ampere  of  current  flows  through  each  of  the  lamps  B  and  D. 

24.  Use  of  the  Condenser  as  a  Compensator  for  Lagging 
Current.  An  alternator  may  be  designed  to  develop  a  certain 
effective  electromotive  force  E,  and  to  deliver  a  certain  effective 
current  I,  at  full  load.    Now,  the  j^x^rmissible  ix)wer  output  of  such 
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an  alternator  would  be  EI  watts  to  a  non-reactive  circuit  having 
unity  ix)wor  factor  (cos  ^  =:  1) ;  but  if  the  receiving  circuit  is 
reactive,  the  permissible  power  output  of  the  alternator  is  only 

EI  cos  d,  where  the  power  factor 


T 

I 


majn 


550  vo/fs 

133    cyc/es 

per  seconcf 

I 
I 
y main 

Fig.  50. 


(cos  &)  may  in  practice  have  a 
value  of  8/10  or  less.  If  a 
condenser  C  of  sufficiently  large 
capacity,  Fig.  57,  is  connected  to 
the  terminals  of  an  alternator  A 
which  delivers  current  to  an  in- 
ductive receiving  circuit  R  L,  the 

effect  of  L  will  be  neutralized;  the  current  delivered  by  A  will  be 

in  i^hase  with  tlie  electromotive  force  of  A;  and  the  permissible 

power  output  will  bo  EI.     The 

condenser  is  said  to  compensate  1^ 


Fig.  57. 


for  the  lagging  current  takcm  by 
the  inductive  receiving  circuit. 

Another  advantiige  (aside  ^ 
from  the  increase  of  the  permis- 
sible ix)wer  output  of  the  gener- 
ator) that  would  result  from  this 
compensating  of  lagging  current 
by  means  of  a  condenser,  is  that 

the  electromotive  force  of  the  alternator  would  not  fall  off  so  much 
with  increase  of  load  as  is  the  case  when  lagging  current  is  not 
compensated  for.     The  cost,  however,  of  large  condensers  is  so 

great  that  their  use  for  the  compensation 
of  lagging  current  is  not  commercially 
practicable. 

Let  Ir  b(i  the  current  delivered  to 

the  receiving  circuit  R  L,  Fig.  57.    Let 

\v  be  the  current  delivered  to  the  con- 

(h?nser  C;  this  current  is  90°  ahead  of  E 

Fig.  58.  in  phase.  Let  la  be  the  current  delivered 

by  the  alternator  A.     It  is  desired  that  la  be  in  phase  with  E,  as 

shown  in  Fig.  58.     Let  cos  0  be  the  ix)wer  factor  of  the  receiving 

circuit  R  L. 


\ 
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From  Fig.  58  it  is  evident  that  Ic  is  equal  and  opposite  to  that 
component  of  Ir  which  is  at  right  angles  to  E,  namely,  Ir  sin  $. 
Therefore, 

le  =  Ir  sin  0.  (/) 

Now,  Ic  is  equal  to  E  /  — ^^  (=  <i>  C  E),  that  is,  is  equal  to  the 
electromotive  force  between  the  condenser  terminals  divided  by  the 
reactance  of  the  condenser.    The  value  of  sin  0  is 


I    R^  +0)-'  L* 

E 

and  Ir  =  — === ;  so  that,  substitutinjj:  the  values  of  Ir 

and  sin  0,  equation  i  above  becomes 

(o  L  E 


Ol 


whence 


CE=     R2^^.  L.     ;       (ii) 


^  -    R2  +  ^2  L2.  (25) 


in  which  R  is  the  resistance  (in  ohms)  of  a  receiving  circuit;  L  is 
the  inductance  (in  henrys)  of  the  receiving  circuit;  co  is  a  factor 
equal  to  2  tt  times  the  frequency  in  cycles  per  second;  and  C  is 
the  capacity  (in  farads)  of  the  condenser  required  to  compensate 
for  the  lagging  current  delivered  to  the  receiving  circuit. 

Example.  An  alternator  having  an  electromotive  force  of 
1,100  volts  and  a  frequency  of  60  cycles  per  second,  delivers  102.4 
amperes  of  current  to  a  receiving  circuit  of  which  the  power  factor 
is  0.871  (9.35  ohms  resistance  and  0.014  henry  inductance).  A 
condenser  to  compensate  for  the  lagging  current  in  this  case  would 
have  to  have,  according  to  equation  25,  a  capacity  of  121.4  micro- 
farads, calculated  as  follows: 

C  =  9.35»+ (2^x60)'  X  0.014'    ^^'"""^    =   0.0001214  farad 

=  121.4  microfarads. 

This  condenser  would  take  from  the  mains  a  current  of  50.34 
amx)eres,  which  would  be  90*^  ahead  of  the  electromotive  force  in 
phase,  and  this  current  would  be  equal  and  opposite  to  the  wattless 
component  of  the  102.4  amperes  of  current  delivered  to  the  inductive 
circuit.    Such  a  condenser  would  require  about  114,000  leaves 
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26.     Electromotive    Force    Losses   in    Transmissioa 
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the  reactanc*^  (inductanco  roactaruH*)  is  X,,to  a  nM'i'ivinj^  circuit 
of  which  the  resistance  is  Ra  aiid  the  reactance  is  X...  The  totid 
electromotive  force  nsed  to  overcx)me  the  resistance  and  reactance 
of  the  transmission  line  is  E  i ,  and  the  electromotive  force  between 
the  tenninals  of  the  receiving  circuit  is  Eg.  The  current  delivered 
is  I.  Then  the  general  relation  between  E,  Ei,  and  Eg  is  as 
shown  in  Fig.  60,  except  that  E^  is  usually  much  larger  than  Ex 
hi  value.  There  are  three  interesting  and  simple  special  cases  of 
electromotive  force  losses  in  transmission  lines,  as  follows:* 

Case  1.  When  the  receiving  circuit  is  rwn-reactive.  In 
this  case  the  electromotive  force  Ea  between  the  terminals  of  the 
receiving  circuit  is  in  phase  with  I,  and  the  general  diagram  of 


Fig.  61. 

Fig.  GO  takes  the  form  shown  in  Fig.  61.  The  total  electromotive 
force  El  consumed  in  the  line,  is  sometimes  called  the  impedance 
loss;  and  its  two  components  Ri  I  and  Xi  I,  as  shown  in  Fig.  61, 
are  called  the  resistance  loss  and  the  reactance  loss,  respectively. 
Now,  a  careful  inspection  of  Fig.  61  makes  it  evident  that  the 
numerical  difference  in  value  of  E  and  E2  is  very  nearly  equal  to 
the  resistance  loss  in  the  line,  Ril;  and  that  the  reactance  loss 
in  the  line,  Xi  I,  has  little  to  do  with  the  difference  in  value  of  E 
and  E2.  Therefore,  when  the  receiving  circuit  is  non-reactive^  the 
difference  in  value  between  generator  electromotive  force  E  and 
receiver  electromotive  force  Ei  is  sensibly  equal  to  the  resistance 
loss  of  electromotive  force  in  the  line^  and  sensibly  independent 
of  the  reactance  loss  of  electromotive  force  in  the  line. 

Casb  2.  When  the  receiving  circuit  is  highly  reactive. 
In  this  case  the  electromotive  force  E2  between  the  terminals 
of  the  receiving  circuit  is  nearly  90°  ahead  of  I  in  phase,  and  the 
general  diagram  of  Fig.  60  takes  the  form  shown  in  Fig.  62. 

*  Note.  This  discussion  applies  to  comparatively  short  lines,  ten  miles  or 
less  in  length,  inasmuch  as  the  capacity  uf  the  lino  is  not  here  taken  into 
account. 
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A  careful  insi^ction  of  Fig.  i)2  makes  it  evident  that  the  difference 
in  value  of  E  and  E2  is  very  nearly  equal  to  the  reactance  loss 
in  the  line,  Xi  I;  and  that  the  resistance  loss  in  the  line,  Ri  I,  has 
little  to  do  with  the  difference  in  value  of  E  and  E2.  Therefore, 
when  the  receiving  circuit  is  highly  reactive^  the  mtmerical  differ- 
ence in  value  between  generator  electromotive  force  E  and  receiver 
electromotive  force  Ei  is  sensibly  equal  to  the  reactance  loss  of 
electromotive  force  in  the  line^  and  r,i 

sensibly    independent   of  the   resis- 
tance loss  of  electromotive  force  in       x,i 
the  line. 

Case  3.  ]Yhen  the  receiving 
circuit  has  large  capacity  reactance. 
In  this  case  the  electromotive  force 
Ea  between  the  terminals  of  the  re-  ^ 
ceiving  circuit  is  nearly  iK)°  behind  I 
in  phase,  and  the  general  diagram  of 

.  Fig.   60    takes    the   form   shown    in 

-  Fig.  63.  A  careful  inspection  of 
Fig.  63  makes  it  evident  that  the 
diffen^nce  in  value  of  E  and  Eo  is 
very  nearly  equal  to  the  reactance 
loss  in  the  line,  Xi  I,  and  that  this 
reactance  loss  is  added  to  the  gener- 
ator electromotive  force  E  to  give  ^ 
the  receiver  electromotive  force  E.^.  Fig.  62. 
Inspection  of  Fig.  63  shows  furthermore  that  the  resistance  loss  in 
the  line,  Ri  I,  has  little  to  do  with  the  difference  in  value  of  E  and 
E2.  Therefore,  when  the  receiving  circuit  has  a  high  capacity 
reactance^  the  reactance  loss  in  the  line  is  sensibly  equal  to  the 
rise  in  value  of  the  electromotive  force  between  generator  and 
receiver^  and  this  rise  i/i  value  is  sensibly  independent  of  the 
resistance  loss  of  electromotive  force  in  the  line.  Of  course,  it  is 
confusing  to  s^x^ak  of  the  electromotive  force  Xi  I  as  reactance 
loss  when  the  receiving  circuit  has  a  high  capacity  reactance;  it 
would  be  better  in  this  case  to  speak  of  Xi  I  as  the  reactance  gain 
of  electromotive  force  in  the  line. 
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27.     Electromotive  Force  Losses  in  Alternator  Armatures. 

Let  E  be  the  total  induced  electromotive  force  in  the  armature  of 
an  alternator.  A  portion  E  i  of  this  electromotive  force  is  used  to 
overcome  the  resistance  Ri  and  the  reactance  Xi  of  the  armature; 
and  the  remainder  Eg  is  available  at  the  terminals  of  the  alternator 
for  producing  current  in  the  outside  circuit,  of  which  the  resis- 
tance is  Ra  and  the  reactance 
is  Xa.  The  general  relation 
between  E,  Ej,  and  E a  is  as 
shown  in  Fig.  60,  except  that 
I  E2  is  usually  Ttiueh  larger 

than  El  in  value.  There  are 
three  interesting  and  simple 
special  cases  of  electromotive 
force  losses  in  alternator 
armatures,  as  follows: 

Case  1.  When  the  re- 
ceiving circAtit  is  non-reac- 
tive. In  this  case  the  elec- 
tromotive force  Ea  between 
the  terminals  of  the  alter- 
nator is  in  phase  with  the 
current  I  delivered  by  the 
machine,  and  the  general  dia- 
gram of  Fig.  60  takes  the  form 
shown  in  Fig.  61,  from  which 
it  is  evident  that  when  the 
receiving  circuit  is  non- reac- 
tive, the  numerical  difference 
Fig.  63.  in  value    between   the  total 

induced  electromotive  force  E  and  the  terminal  electromotive  force 
Ea  of  the  machine  is  sensibly  equal  to  the  resistance  loss  of 
electromotive  force,  Ri  I,  in  the  armature,  and  sensibly  indepen- 
dent of  the  reactance  loss  of  electromotive  force,  Xj  I,  in  the 
armature. 

Case  2.  When  the  receiving  circuit  is  hiyhly  reactive. 
In  this  case  the  electromotive  force  E2  between  the  terminals  of  the 
alternator  is  nearly  90°  ahead  of  I  in  phase,  and  the  general  diagram 
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of  Fig.  60  takes  the  form  shown  in  Fig.  ()2,  from  which  it  is  evident 
that  when  the  receiving  circuit  is  highly  reactive  the  nmnerical 
difference  in  value  between  the  total  induced  electromotive  force  E 
and  the  terminal  electromotive  forc<)  E2  of  the  machine  is  sensibly 
equal  to  the  reactance  loss  of  electromotive  force,  Xi  I,  in  the 
armature,  and  sensibly  independent  of  the  resistance  loss  of  electro- 
motive force,  Ri  I,  in  the  armature. 

Case  3.  W/ien  the  receiving  circuit  has  large  capacity 
reactance.  In  this  case  the  electromotive  force  E2  between  the 
terminals  of  the  alternator  is  nearly  90°  behind  I  in  phase,  and  the 
general  diagram  of  Fig.  60  takes  the  form  shown  in  Fig.  63,  from 
which  it  is  evident  that  when  the  receiving  circuit  has  a  high 
capacity  reactance  the  difference  in  value  between  E  and  E2  is 
sensibly  equal  to  Xi  I,  E2  being  larger  than  E^  and  sensibly 
independent  of  the  resistance  loss  of  electromotive  force,  Ri  I,  in 
the  armature. 

MEASURING  INSTRUMENTS. 

28.  The  Hot-wire  Ammeter  and  Voltmeter.*  In  these  in- 
struments the  current  to  be  measured  is  sent  through  a  stretched 
wire.  The  ware,  heated  by  the  current,  lengthens,  and  actuates  a 
pointer  which  plays  over  a  divided  scale. 

The  hot-wire  instrument^  v)hen  calihrated  hy  continuous 
currents^  indicates  effective  values  of  alternating  currents;  and 
v^hen  calihrated  hy  continuous  electromotive  forces^  it  indicates 
effective  values  of  alternating  electromotive  forces. 

Proof.  Consider  an  alternating  current  and  a  continuous  current  C 
which  give  the  same  reading.  These  currents  generate  heat  in  the  tcire  at 
the  same  average  rate.  This  rate  is  RC''  for  the  continuous  current,  and 
R  X  average  i'^  for  the  alternating  current,  i  being  the  instantaneous  value 
of  the  alternating  current.  Therefore  RC^  =  RX  average  i*;  or  C*  =  aver- 
age t*;  or  Q  =  V  average  i'^. 

The  proof  for  electromotive  forces  is  similar  to  this  proof  for 

currents. 

*  Note.  All  voltmeters  except  the  electrostatic  voltmeter  are  essentially 
ammeters;  that  is,  the  electromotive  force  to  be  measured  produces  a  current 
which  actuates  the  instrument.  The  scale  over  which  the  pointer  plays,  may 
bo  arranged  to  indicate  either  the  value  of  the  current  flowing  through  the 
instrument,  or  the  value  of  the  electromotive  force  acting  between  the  termi- 
nals of  the  instrument. 
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Fig.  G4  is  a  general  view  of  the  hot-wire  nmmeter  of  the  Stan- 
ley Electric  Maunfacturing  Company.  The  current  to  be  measured 
passes  tbrotigh  a  short 
wire  of  platinum-silver 
alloy  which  is  placed, 
properly  protected,  in 
the  circuit;  and  the 
elongation  of  the  wire 
due  to  the  heating  effect 
of  the  current  actuates 
the  pointer,  which  is 
delicately  mounted  in 
jeweled  bearings.  Only 
a  small  portion  of  the 
current  measured  passes 

through  the  hot  wire,  but  Fig.  64. 

the  main  portion  of  the  cnrreat  passes  tlirough  a  shunt  of  low 
resistance. 


Pig.  6r>a. 
29.     The  Electro-dynamometer  Used  as  an  Ammeter.     The 

electro-dynamometer  consists  of  a  fixed  coil  iiiiil  a  movable  coil 
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connected  in  series,  through  both  of  which  the  cnrreDt  to  be  meas- 
nred  flows.     The  current  causes  the  fixed  coil  to  exert  a  certain 


force  upon  the  movable  coil;  ami  tlie  viilue  of  the  current  is  deter- 
mined either  ((c)  by  observing  the  angle  ^  tlirough  which  a  helical 
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spring  must  be  twisted  (by  hand)  in  order  to  balance  the  above- 
mentioned  force,  or  (b)  by  allowing  the  force  to  turn  the  movable 
coil,  and  move  a  pointer  over  a  divided  scale.  In  the  Siemens 
electro-dynamometer,  method  tf  is  eniijloyed^  in  many  commercial 
forms  of  electro-dynamometer,  methoil  b  is  employinl. 

The  essential  features  of  the 
Siemens  electro -dynamometer  are 
shown  in  Figs.  05^?  and  (i5J.  The 
stationary  coil  A  is  supported  by 
a  clamp  attached  to  the  standard 
S;  and  the  movable  coil  B  is  hung 
by  a  thread,  the  plane  of  coil  B 
being  at  right  angles  to  the  plane 
of  coil  A.  The  terminals  of  the 
movable  coil  dip  into  cups  of 
mercury  a  a,  and  the  current  to 
be  measured  is  sent  through  both 
coils  in  series.  The  force  action 
between  the  coils  is  balanced  by 
carefully  turning  the  torsion  head 
c  by  hand,  thus  twisting  a  helical 
spring  b,  one  end  of  which  is 
attached  to  the  coil  B  and  the 
The  observed  angle  of  twist  necessary 
to  bring  the  swinging  coil  to  its  zero  jx)sition,  is  read  off  by  means 
of  the  ix>inter  d  and  the  graduated  scale  e.  The  ix)intery  attached 
to  the  coil  shows  when  it  has  been  brought  to  its  zero  position. 
The  observed  angle  of  twist  of  the  helical  spring  affords  a  measure 
of  the  force  action  between  the  coils,  and  the  current  is  propor- 
tional to  the  square  root  of  this  angle  of  twist.     That  is, 

I  =  /•!>,"  (26) 

in  which  I  is  the  effective  value  of  the  alternating  current;  <^  is 
the  observed  angle  of  twist  of  the  helical  spring  b;  and  k  is  a  con- 
stant called  the  reduction  factor  of  the  instrument. 

Examph,  A  twist  of  220°  is  required  to  bahmce  the  force 
action  of  18.8  amperes  in  a  certain  Siemens  electro-<lynamometer, 
so  that  the  reduction  factor  k  of  the  instnuncnt  is,  by  equation 


^i'n\\\\\\\\\\\\\\\^ 

Fig.  67. 
other  to  the  torsion  head  c. 
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2fi,  equal  to  18.8  amperes  divided  by  V  ^20,  or  1.267.     A  certain 
current  to  be  measured  requires  a  twist  of  the  torsion  head  of  165° 
hence  the  value  of   the  current  is  equal  to  1.267  multiplied  by 
|/  V}5,  or  16.28  amperes. 

T/te  electrO'dyyiaiiio/neter^  when  standardized  hy  direct  cur- 
renlH.  indicates  effective  values  of  alternating  currents. 

PBfx>F.  A  j^iven  deflection  of  the  suspended  coil  depends  upon  a  deli- 
nite  averafra  or  constant  force  action  l)etween  the  coils.  The  constant  force 
Action  due  to  a  constant  current  C  is  kC'^  (proportional  to  C*);  and  the  aver- 
age force  action  due  to  an  alternating  current  is  k  X  average  i*;  so  that  if 
thene  currents  give  equal  deflections,  we  have  kC^  =  A;  X  average  t*;  or  C*  = 
average  i*;  or  C  =  V   average  i^' 

The  electro-dynamometer  is  the  standard  instrument  for  meas- 
uring alUiniating  currents,  and  it  is  always  used  in  accurate  meas- 
urements. 

30.  The  Electro-dynamometer  Used  as  a  Voltmeter.  When 
used  as  a  voltmeter  the  coils  of  the  electro-dynamometer  are  made 
of  fine  win*,  and  an  auxiliary  non-inductive  resistance  is  usually 
conn(?ct(Kl  in  seric^s  with  tlie  coils. 

W/ien  the  inductance  of  the  electro-dynamometer  coils  is 
small^sucli  an  instrument^  irhen  ralihrated  hy  continuous  electro- 
mot  ice  forces^  indicates  effectice  values  of  alternating  electro- 
motive  forces. 

When  it  is  certain  that  the  inductance  of  an  electro-dynamo- 
meter is  negligibly  small,  the  instrument  may  be  used  in  refined 
alternating  elt»ctromotive  force  mi*asurements. 

Inductance  Error  of  the  Klvct rod y namometer  Used  as  a 
Voltmeter,  An  eU^ctro-dynaniometc.T  which  has  been  calibrated 
by  continuous  electromotive  forces  indicates  less  than  the  effective 
value  of  an  alternating  electromotive  force.  Let  E  be  the  reading 
of  an  electro-dynamometer  voltmeter  when  an  alternating  electro- 
motive force  (harmonic),  of  which  the  effective  value  is  E,  is  con- 
nected to  its  tenninals.  That  is,  E  is  the  continuous  electromotive 
force  which  gives  the  same  defl(?ction  as  E;  and,  since  E  gives  the 
same  defl(»ction  as  E,  it  follows  that  the  effective  current  produced 
by  E  is  equal  to  tlui  continuous  current  produced  by  E;  that  is, 

E       E 

R       I    KM^'  L'  ^^^ 
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in  which  R  is  the  total  resistance  of  the  instrument;  L  its  induct- 
ance; and  <D  =  2iry)  where  /  is  the  frequency  of  the  alternating 
electromotive  force.    Solving  equation  (a)  for  E,  we  have, 


E  ='1.R1+J^*  B  (b) 

That  is,  the  reading  of  the  instrument  must  be  multiplied  by  the 
factor 


I    R'"  +  ^_I^ 
R 

to  give  the  true  eflFective  value*  of  a  harmonic  alternating  electro- 
motive force. 

Plunger-type  voltmeters  also  have  inductance  errors. 

31.  The  Electrostatic  Voltmeter,  Two  metal  plates  con- 
nected  to  the  terminals  of  a  battery,  or  to  any  source  of  electro- 
motive force,  attract  each  other  with  a  force  strictly  pro[K)rtional 
to  the  square  of  the  electromotive  force.  This  principle  is  applied 
in  the  electrostatic  voltmeter,  which  consists  essentially  of  a  fixed 
metal  plate  and  a  movable  plate  delicately  mounted  on  a  jeweled 
pivot.  The  movable  plate  carries  a  pointer,  which  plays  over  a 
divided  scale.  The  electromotive  force  to  be  measured  is  connected 
between  the  fixed  plate  and  the  movable  plate  ;  and  the  electrical 
attraction  between  the  plates  causes  the  movable  plate  to  turn  about 
its  supporting  pivot  and  move  the  pointer.  Such  an  itistrument, 
when  calibrated  htj  continuous  electromotive  force  ^  indicates  effee- 
tive  values  <yf  alternating  electromotive  force. 

Proof.  A  given  deflectioH  of  the  movable  plate  depends 
u[)on  a  definite  average  or  constant  force  action  between  the  two 
plates.  The  force  action  due  to  a  constant  electromotive  force  E  is 
kY}  (that  is,  the  force  is  proportional  to  E'*)  ;  and  the  average 
force  action  due  to  an  alternating  electromotive  force  e  \^  k  Y^ 
average  e^.  If  these  electromotive  forces  give  equal  deflections, 
the  constant  force  A:E  must  be  equal  to  the  average  force  k  X 
average  t?  ;  that  is, 

kY}  =  k  average  e^\ 
or,  E'  =  average  f^] 

or,  V^  average  e^  =  E. 
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This  is  the  standard  instrument  for  measuring  alternatincr 
electromotive  forces,  es[)ecially  very  high  ones. 

Fig.  ()(>  represents  the  essential  parts  of  the  Stanley  elec- 
trostatic voltmeter.  A  pair  of  light  metal  plates  AA  are  carried 
by  an  arm  (to,  which  is  supjKjrted  in  jeweled  bearings  and  held  in 
a  certain  position  by  a  delicate  hair  spring  S.  To  these  movable 
plates  A  A  and  the  arm  tia^  are  attached  a  pointer  P  and  two  finfrers 
FF.  The  pointer  moves  over  a  scale  calibrated  to  indicate  volts  ; 
and  the  fingers  FF  carry  two  thin  vanes  W,  which  move,  without 
touching,  in  tw^o  narrow  air  chambers  DD,  the  latter  serving  as 
dash-jx)ts  or  dampeners  to  bring  the  movable  ])late  quickly  to  rest. 
One  terminal  of  the  circuit  whose  electromotive  force  is  to  be 
measured,  is  connected  through  the  hair  spring  to  the  plates  AA; 
and  the  other  terminal  of  the  circuit,  is  connected  to  the  fixed  metal 
plates  ("C  ;  these  plates  are  encased  in  a  sheathing  of  hard  rubber 
nil,  which  tends  to  prevent  sj)arking  across  from  CC  to  AA.  The 
action  of  the  electromotive  force  is  to  cause  the  plates  CC  to  attract 
the  movable  j)lates  AA,  and  this  moves  the  pointer  P  over  the  scale 
of  volts.  The  metal  plates  BB  are  connected  by  a  wire  to  the  hair 
spring,  and  thence  to  the  plates  A  A.  The  object  of  the  plates  BB 
is  to  shield  the  movable  plates  A  A  from  all  external  objects  except 
the  attracting  plates  Vi\ 

The  electrostatic  ground  detector  is  a  modified  electrostatic 
voltmeter.  Its  essential  features  are  shown  in  Fig.  07.  Two 
metal  plates  A  and  B  are  connected  to  the  two  mains  a  and  h 
(usually  through  two  high  resistances  KIl)  ;  and  a  light  movable 
metal  plate  ///,  suspended  between  A  and  B,  is  connected  to  ground 
(usually  through  a  high  resistance  R).  If  both  lines  are  equally 
well  insulated  from  ground,  the  plates  A  and  B  are  each  at  the 
same  electrical  pressure  or  potential,  and  they  attract  the  plate  m 
equally,  so  that  the  j)late  m  hangs  midway  between  them.  If. one 
of  the  mains,  say  ^/,  is  grounded,  its  pressure  or  potential  becomes 
equal  to  the  potential  of  ///,  so  that  j)late  A  no  longer  attracts  ///, 
and  the  plate  m  is  therefore  pulled  to  the  right  by  the  attraction  of 
B.     This  movement  is  indicated  by  a  pointer  y>. 

The  same  results  may  be  accomplished,  when  the  plate  m  is 
entirely  insulated  from  the  ground,  by  having  a  grounded  auxiliary 
stationary  plate  near  in. 
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VOLTMETERS  (Continued). 

The  eBsential  features  and  mode  of  connection  of  the  General 
Electric  Company's  electrostatic  ground  detector  are  shown  in  Fig. 
68  ;  and  a  general  view  of  the  instmment,  with  cover  removed,  ie 
Bhown  in  Fig,  60. 

Fig,  70  shows  tlie  connection  of  two  instrumente  to  three- 
Jjhase  mains. 


Fig.  68. 

32.  The  Spark  Gauge.  The  high  electromotive  forces  used 
in  hreak-down  tests  are  usually  measured  hy  means  of  the  spark 
gauge.  This  consists  of  an  adjustable  air  gap,  which  is  changed 
until  the  electromotive  force  to  be  measured  is  just  able  to  strike 
across  in  the  form  of  a  spark.  The  electromotive  force  is  then  taken 
from   empirical  tahles  based  upon  previous  measurements  of  the 
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electromotive  force  required  to  strike  across  varioQS  widths  of  gap. 
la  the  spark  gjiu^e  of  tlie  (ieneral  Klectric  Company,  the  spark 


g«P 


ia  bctwei 


<)f\vlii<.'li  ia  attached  to  a  microm- 


ettT  Bcivw  wlicreby  tlie  gap 
Sjiace  niiiy  be  adjusted  and 
iiicaaured.  Tliestrikingdis- 
taiice  in  any  spark  fjimife 
varies  greatly  with  the  eoii- 
dition  of  the  points.  It  ia 
therefore  neeessary  to  see 
that  the  points  are  well  [WjI- 
ished  before  taking  measure- 
ments. 

Fig.  71  is  a  general  view 
of  the  high -potential  testing 
transformer  of  the  (ieneral 
Electric  Company.  Tlie 
spark  gauge  is  sliown  mount- 
ed on  top  of  the  instrument. 
While  being  used,    the  g.mg' 


1  protected  by  a  cover  (shown  i 
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moved  in  Fig.  71).  The  function  of  tliia  cover  la  to  keep  the 
obsurver'a  fingers  from  the  diingeroua  high -potential  |>oints  of  the 
gauge;  and  the  cover,  moreover,  acts  as  a  switch  that  automatically 
discoDQects  the  gauge  from  the  high-potential  terminals  of  the 
transformer  when  the  cover  is  removed. 

33.  Plunger'Type  Ammeters  and  Voltmeters.  Id  instru. 
ments  of  this  tj])e  the  current  to  be  measured  passes  through  a  coil 
of  wire  that  magnetizes 
and  attracts  a  movable 
piece  of  soft  iron  to 
which  the  pointer  is 
fixed. 

When  a  plunger- 
type  instniment  is  cali- 
brated, Dsing  direct- 
electromotive  force  (or 
cnrrent),  it  does  not  in- 
dicate effective  values 
of  alternating  electro- 
motive forces  (or  cur- 
rents) accurately.  A 
plunger-type  meter 
(ammeter  or  voltmeter) 
should  be  calibrated, 
using  alternating  cur- 
rent of  the  same  fre- 
quency as  that  for 
which  the  meter  is  afterwards  to  be  used,  and  of  the  same  wave  shape. 
Thus,  if  a  plunger  instrument  is  to  be  used  as  an  ammeter  for  alter- 
nating  currents  of  a  given  wave  shape  and  frequency,  it  should  be 
calibrated  by  currents  of  this  wave  shape  and  frequency,  these  cur- 
rents,  for  the  purpose  of  the  calibration,  being  measured  by  a  stand- 
ard alternating-current  ammeter,  such  as  aa  electro-dynamometer. 

The  indications  of  a  plunger  instrument,  however,  do  not  vary 
greatly  with  wave  shape  and  frequency,  and  such  instruments  are 
practically  correct  for  any  ordinary  wave  shaj>e  and  frequency. 

The  Thomson  inclined*coll  meter  of  the  General  Electric  Ck). 
is  essentially  of  the  plunger  type.     The  working  parts  of  this  in- 
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stniint^nt  art*  ehown  in  Fiff  72.  A  foil  A,  through  which  flows  tho 
current  to  t>o  iiicariured,  is  tiioiintt-d  with  its  axis  inclined  as  shown. 
A  vortical  spindle  mounted  in  jewel  bearings  and  controlled  by  a 
hair  spring,  passes  through  the  coil ;  and  to  this  spindle  are  fixed 
a  pointer  />  and  a  vane  of  thin  sheet  iron  u.  This  vane  of  iron  is 
mounted  obliquely  tu  the  spindle.    When  the  pointer  is  at  the  zero 


point  of  the  scale,  the  iron  vane  ft  lies  nearly  across  the  axis  of  the 
coil ;  and  when  a  carrent  passes  through  the  coil,  the  vane  tends 
to  turn  until  it  is  parallel  to  the  axis  of  the  coil,  thus  turning  the 
spindle  and  moving  the  attached  pointer  over  the  calibrated  scale. 
Kit;.  ":!  is  a  general  view  of  a  Thomson  inclined-coil  ammeter, 
and  Fig.  74  is  a  view  of  the  working  parts  of  the  instrument.  The 


Fig.  74. 


structural  details  of  the  inclined-coil  voltmeter  are  identical  with 
those  of  the  ammeter,  except  that  the  voltmeter  has  fine  wire  in 
the  inclined  coil  and  usually  an  auxiliary  non-inductive  resistance 
in  aeries  with  the  inclined  coil. 
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34.  Measurement  off  Power  in  Alternating  Circuits'.  Tin- 
T'/*'iii'.  Voltmeter  MetlnnL  A  iion-iD(luctivo  resi«taiu*o  K,  Kig.  75, 
*s  connected  in  Heries  with  the  circuit  he  (the  priinjiry  coil  of  a 
tr^ugformer,  for  example),  in  which  the  power  V  (to  he  <letermined) 
*s  expended.  The  electromotive  forces  E,  between  '///,  E.^  between 
^^'^>  and  E3  between  av.^  may  be  observed  by  means  of  one  voltmeter, 
^  ttree-way  switch  being  used  to  enable  the  voltmeter  terminals  to 
^^^=i  quickly  transferred  from  nh  to  he  to  ai\  The  three  readings 
^l^ould  be  taken  as  nearly  simultaneously  as  possible.     Then 


E,^-J:,'  -  E/ 


(27) 


mcun 


rrtam 


R 
b 


mcun 


Fig.  75.  Fig.  7(5. 

This  equation  is  true  whatever  the  wave  shajHJ  of  the  electromotive 
force  or  current,  and  whatever  the  n^actance  of  the  circuit  he.  may  he. 

Proof. — Let  Cj,   e^^  and   e^  l)e   the   instantaneous  cloclroniotivc   force.s 
iKJtwecn  a6,  5c,  and  ac^  respectively;  then 

^  =  ''1  y  ^. ;  (0 

or, 


'•3*  =  ^\    +  2<',r.  4-  €.}   ; 


or. 


But. 


average  f 


2   ^  M 


2   1-  O 


average  p{-  -^  1  average  c^c,  ^   average  r, 


,  2 


E3'  =  average  e.},  K,'  ^  average  Tj^,  and  K.^  =  average  v 


♦Note. — In  alternating  eircuits  power  cannot  ]>e  niea.sured  by  means  of 
an  ammeter  and  a  voltmeter,  as  in  the  ciise  of  direct  current,  for  the  reason 
that  the  power  expended  is,  in  general,  less  than  the  prochiet  of  elTeelive  eh'ctro- 
motive  force  and  effective  current,  on  account  of  the  dilYerence  in  pliase  of  the 
current  and  the  electromotive  force. 
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Further,    '  is  the  instantarieoua  current  in  ahc;~e^  is  the  instantaneous  power 

e  1 

expended  in  be;  and  average  (,1-c,),  or  .-  X  average  {e^e^  is  the  average  power 

P  expended  in  6c,  so  that  average  (e^e^  =  RP.     Therefore  equation  til  becomes 

E,»  =  Ej^  +  2RP  +  E,'  ;  (ir) 

or, 

E3*  -  E,'  -  E,» 

2R 

The  three-voltmeter  metliod  is  subject  to  large  errors.  To 
obtain  the  most  accurate  results  the  electromotive  forces  E,  and  E, 
must  be  nearly  equal.  The  method  is  inconvenient  in  application, 
and  is  seldom  used  in  practice. 

35.  TheThree- Am uu'Ur Method,  The  circuit  CC,  Fig.  76,  in 
which  the  power  P  to  be  measured  is  expended,  is  connected  in 
parallel  with  a  non-inductive  resistance  R  ;  and  three  ammeters 
are  placed  as  shown.     Tlien 

V  =  \iM-\,'-\i)  (38) 

in  wliich  Ij,  Ij  and  I3  are  the  currents  indicated  by  the  three  ammeters. 

Pkoof.    -Lot  Vj,  ij  and  1*3  be  the  instantaneous  values  of  the  currents  I,, 
I2,  and  I,.     Then 

^■3  =  h  +  ^2  d) 

or, 

or, 

average  i^*  =  average  2,^  -h  2  average  (1,22)  +  average  t^'.    (u'O 

Rut  I,'  =  average  V,^  ;  T2'  =  average  i^  ;  and  I3'  =  average  i^. 

Further,    the    instantaneous    electromotive   force    l>etween    the  terminals   of 

R  or  of  CC  is  lli.j,  so  that  Yii^i^  is  the  instantaneous  power  expended  in  CC,  and 

R  X  average  ((^2)  is  the  average  power  P  expended  in  CC.     Therefore  average 

p 
('I'a)   =  r»"»  ^^^  equation  ?h'  becomes: 

or, 

P=-2-(V     -T,^-V). 

The  three-ammeter  method  is  more  convenient  in  practice 
than  the  three- voltmeter  method  because  it  does  not  require  a  sup- 
ply of  alternating  current  at  a  voltage  higher  than  that  for  which 
the  apparatus  CC,  Fig.  70,  is  designed.  This  method  of  measuring 
power,  is  however,  little  used  in  practice. 

36.  The  Wattmeter.  A  good  wattmeter  is  the  standard  in- 
strument for  measuring  power  in  alternating  current  circuits.  The 
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wattmeter  is  an  electrodynamometer,  of  which  one  coil  a^  Fig.  77, 
made  of  fine  wire,  is  connected  to  the  terminals  of  the  circuit  CC, 
in  which  the  power  to  be  measured  is  expended.  The  other  coil  J, 
made  of  large  wire,  is  connected  in  series  with  CC,  as  shown.  The 
fine- wire  coil  a  is  movable,  and  carries  the  pointer  which  indicates 
on  a  divided  scale  the  watts  expended  in  CC. 

Such  an  instrutnent  when  calibrated  with  continuous  current 
and  electromotive  force  indicates  power  accurately  when  used  with 
alternating  currents^  provided  the  inductance  of  the  circvit  ar  is 
small.  This  is  true  whatever  the  wave  shape  of  the  electromotive 
force  or  current,  and  whatever  the 

character   of  the  receiving  circuit  

CC  may  be.     Thus  the  circuit  C(y 
may  have  any  reactance. 

Proof. — A  given  deflection  of  the 
movable  coil  a  depends  upon  a  certain 
average  or  constant  force  action  be- 
tween the  coils.  Consider  a  continuous 
electromotive  force  E,  which  produces  a 


mwn 


ma/n 


current  —  in  a,  and    a    current  C  in  CC 

T 

and   h.     The   force   action   between    the    '- 

coils   is  proportional   to   the  product  of  Fig.  77. 

the   currents   in   a   and  h;  that  is,   the 

force  action  is  A;  X  —  X  C,  where  A;  is  a  constant. 

r 

Consider  an  alternating  electromotive  force  of  which  the  instantaneous 

value  is  e:  this  produces  a  current  — •  through  a  (provided  the  inductance  of  a 

is  zero),  and  a  current  i  in  CC  and  6.     The  instantaneous  force  action  between 

the  coils  is  fc  X  —  X  i;  and  the  average  force  action  is  —  X  average  (ei).     If 

this  alternating  electromotive  force  gives  the  same  deflection  as  the  continuous 
electromotive  force,  then 

-  X  average  {ei)  =  -^EC  ; 

or. 

average  {ei)  =  EC 
That  is,  the  given  deflection  indicates  the  same  power  whether  the  currents  are 
alternating  or  direct. 

Let  P  be  the  true  power  delivered  to  the  circuit  CC  as 
measured  by  a  wattmeter;  let  E  be  the  effective  electromotive 
force  between  the  terminals  of  CC  as  measured  by  an  alternating- 
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The  Startiiifj  Coil.  In  the  above  discnseion  it  is  aaeuined 
that  the  torque  which  opposes  the  motion  of  the  armature  A,  Fig. 
79,  ia  proportional  to  the  speed  ot  the  armature.  In  fact,  however, 
this  opposing  torque  maybe  considered  as  coneisting  of  two  parts: 
(1)  the  torque  required  to  overcome  friction  ;  and  (2)  the  torque 
required  to  overcome  tli«  damping  action  of  the  magnets  on  the 
copper  disc.  The  first  part  of  the  torque  may  lie  taken  to  be  ap- 
proximately constant,  while  the  Fecond  [>art  is  accurately  propor- 
tional to  the  s£)eed.     Therefore  an  arrangement  for  exerting  on  the 


armature  a  constant  torque,  sufficifut  to  overcome  friction,  would 
largely  eliminate  errors  due  to  friction.  This  is  accomplished  in 
the  Thomson  meter  by  supplementing  the  field  coils  E.  Fig.  711, 
with  an  auxiliary  field  coil  ciinreft'd  iih  the  armature  circuit. 
This  auxiliary  field  coil  is  called  a  starting  coil.  So  long  as  the 
electromotive  force  between  the  mains  does  not  vary,  the  current 
in  the  starting  coil  is  constant,  and  it  therefore  exerts  a  constant 
torque  upon  the  arujaturo.  If,  however,  the  electromotive  force 
txstween  the  mains  varies,  the  torque,  dne  to  the  starting  coil, 
varies  with  the  square  of  the  electromotive  force. 
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Example.  A  certain  recording  wattmeter  will  not  run,  even 
if  started  by  a  alight  impulse  from  the  hand,  until  the  delivered 
power  reaches  37,5  watts  ;  that  is,  the  running  friction  of  the  watt- 
meter IB  equal  to  the  driving  torque  produced  by  37.5  watts  of  de- 
livered power.  This  wattmeter  is 
adjusted  (by  moving  thu  damping 
magnets)  bo  as  to  read  correctly 
when  the  delivered  power  ia  DOO 
watts.  What  will  the  instrument 
indicate  when  run  for  four  hours 
with  constant  delivery  of  200 
watta  of  power  ? 

Let  us  express  driving  torque  in 
IIS  of  iroHs  oj  jiuwer  ddirercd  to  the 
If!  cirmiit,  since  thedrivinRlorque 
proportionul  to  the  walls  delivered. 
Let  us  cspresa  sfieed  in  tenns  of  vmlt- 
houTS  indkaled  hy  Ihe  dials  per  hour. 
Xow,  the  speed  i»  proportional  lo  (hat  part  of  the  driving  torque  which  is  used 
to  overcome  the  retarding  action  of  the  damping  inagneta.  In  the  problem  under 
eonaidcration,  the  tolal  driving  tornnea  arc  500  nalU  and  200  natts  respectively; 
and  since  the  running  friction  alisorba  37H  «o'ta  of  torque,  the  torques  avail- 
able tor  overcoming  Ihe  retarding  action  of  the  damping  inagneta  are  reapectively 
(500  -  37  H)  walls  anJ  (200  -  37}^ 
watts.  The  speed  in  the  first  case  is 
500  watt-hours  per  hour.  Let  i  be 
the  speed  (watt-hoiirs  indicated  per 
hour)  in  the  second  caae.  Then 
(50O-37J4)  ;C200-37H)  : 


Fig.  81. 


500  -. 


Thia  gives  a  value  of  175.6  vatt- 
honrs  per  hourforz,  so  that  the  wall- 
hours  recorded  in  four  houra  run  will 
tie  4X175.6  watt'houra  per  hour,  or 
702.4  watt-hours.  The  actual  total 
of  watt-hours  delivered  is  of  course  4 
hours  X  200  watts,  or  800  watt-hours. 
The  effect  of  running  friction 
in  a  recording  wattmeter  is  to  cause 
the  instrument  to  read  low  for  an 
amount  of  delivered   power  that 


than  the  delivered   power  for  which 
the  damping  msgnets  are  adjusted  to  give  a  correct  reading. 

Fig.  80  ehowB  a  general  view  of  a  Thomson  recording  watt- 
meter (watt-hour  meter).     Fig.  81   shows  the  connections   of  a 
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Thomson  recording  wattmeter  to  two- wire  supply  mains  (single- 
phase);  and  Fig.  82  shows  the  connections  of  a  Thomson  recording 
wattmeter  to  three-wire  supply  mains  (single-phase.) 

Directions  for    Readin^^    Recordins^  Wattmeter  Dials.      To 

read  correctly  tlie  dial  of  a  recording  meter,  some  care  is  necessary. 
The  figures  marked  under  or  over  a  dial  (1,000,  10,000,  etc.),  are 
the  amounts  recorded  by  a  complete  revolution  of  the  hand,  there- 
fore, one  division  on  a  dial  indicates  one-tenth  of  the  amount 
indicated  above  or  below.  A  complete  revolution  of  the  first  hand 
(the  one  to  the  extreme  right)  in  diagram  Jfo.  6,  Fig.  83,  for 
example,  indicates  1,000,  and  moves  the  second  hand  one  division 
of  the  second  dial.  The  first  hand,  in  the  position  given  it  in  the 
diagram,  indicates  700 — not  7,000. 

In  deciding  on  the  reading  of  a  hand,  the  hand  before  it  (to 
the  right)  must  be  consulted.  Unless  the  hand  before  it  has 
reached  or  passed  the  0,  or,  in  other  words,  completed  a  revolu- 
tion, the  other  has  not  completed  the  division  on  which  it  may 
appear  to  rest.  For  this  reason,  ease  and  rapidity  are  gained  by 
reading  a  meter  from  right  to  left.  For  example,  in  Diagram  No. 
2,  the  first  dial  (the  extreme  right)  reads  900.  The  second 
apparently  indicates  0;  but,  since  the  first  has  not  completed  its 
revolution,  but  indicates  only  9,  the  second  cannot  have  completed 
its  division;  hence  the  second  dial  also  indicates  9.  The  same  is 
true  of  the  hand  of  the  third  dial;  the  second,  being  9,  has  not 
quite  com])leted  its  revolution;  so  the  third  has  not  completed  its 
division,  and  therefore  w^e  again  have  9.  The  same  holds  true  of  the 
hand  of  the  fourth  dial.  The  last  hand  (the  extreme  left)  appears  to 
rest  on  1 ;  but  since  the  fourth  is  only  9,  the  last  has  not  completed 
its  division  and  therefore  indicates  0.  Putting  the  figures  down 
from  right  to  left,  the  total  reading  is  999,900,  though  one  might 
erroneously  read  1,990,900,  making  a  mistake  of  1,000,000  units. 

Tlie  hands  sometimes  become  slightly  misplaced,  as  shown  in 
diagrams  Nos  8,  9  and  10.  In  No.  8  we  have  on  the  first  dial 
(the  extreme  right)  0;  we  therefore  put  down  three  zeros,  thus: 
000.  The  hand  of  the  second  dial  is  misplaced;  for  inasmuch  as 
the  first  registers  0,  the  second  should  rest  exactly  on  a  division; 
therefore  we  know  that  it  should  have  reached  8,  making  8,000. 
The  remaining  liands  are  correct,  and  make  a  total  of  9,928,000. 
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In  diagram  Nu.  0  tlio  second  Land  is  luieplaced;  for  since 
the  first  indicates  1,  tliu  second  should  have  just  passed  a  division, 
and,  as  it  is  nearest  to  the  8,  we  know  it  should  have  just  passed 
that  figure.  The  remaining  three  hands  are  approximately  cor- 
rect.    The  total  reading  is  i),918,100. 

Id  diagram  No.  10  the  second  hand  is  behind  its  correct 
position.     Thetolal  indication  ia  9,{!2S,300. 

By  carefully  following  these  directions  one  will  find  little 
difficnlty  in  reading  a  meter  even  it  the  hands  become  misplaced 
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TdousaniJs  of  Watt-taours. 

Fig.  M. 

The  above  directions  ap]>ly  to  recording  wattmeters  of  alt 
kinds — induction  wattmeters  as  well  as  Thomson  wattmeters. 

Calculations  of  Customers'  Bills.  The  consumption  of  energy 
in  watt-hours  ln-ing  known,  the  exact  amount  of  the  bill  can  at 
once  be  read  from  a  price  chart,  one  of  which  is  shown  in  Fig.  84. 
Dollars  and  cents  are  read  from  the  vertical  line  at  the  left,  while 
the  horizontal  line  at  the  liotlom  of  the  chart  indicates  thousands 
of  watt-hours.  To  determine  the  amount  to  be  charged  for  say 
20,000  watt-bours  at  25  cents  per  1,000  watt-houre,  follow  the 
vertical  line  marked  2G  to  its  intersection  with  the  diagonal  line 
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marked  25  cents.  From  the  intersection  of  these  two  lines,  follow 
the  horizontal  line  to  the  left,  and  find  $6.50,  which  is  the  amount 
of  the  bill  for  26,000  watt-hours  at  25  cents  per  1,000  watt-hours. 

ALTERNATORS. 

38  a.    The  fundamental  Equation    of  the  Alternator.     The 

equation  expressing  the  effective  electromotive  force  of  an  alterna- 
tor in  terms  of  the  useful  magnetic  flux  per  pole,  the  number  of 
poles,  the  number  of  armature  conductors,  and  the  speed  of  the 
armature,  is  called,  from  its  importance  in  calculations  in  designing, 
the  "  fundamental  equation  of  the  alternator."    This  equation  is 

E  =  — ^j^yi —  volts,  (29a) 

ia  which 

E  is  the  effective  electromotive  force  of  the  altt^nator  ; 

K  is  what  we  shall  call  the  electromotive  force  factor  of  the 
machine: 

J)  is  the  number  of  poles  of  the  field  magnet ; 

4>  is  the  useful  magnetic  flux  jjer  pole,  that  is,  the  number  of 
lines  of  magnetic  flux  that  cross  the  gap  from  one  pole  into  the 
Armature  ; 

//  is  the  S[)eed  of  the  armature  in  revolutions  per  second  ;  and 

Z  is  the  total  number  of  conductors  on  the  surface  of  the 
armature. 

The  value  of  K  depends  upon  the 
i^tioof  breadth  of  pole  face  to  pole  pitch, 
»nd  upon  the  distribution  of  windings 
upon    the  armature  core. 

DiscussK^N  OF  Ei^uATioN  2ga.     We 
shall  discuss  this  equation  for  the  sim- 
plest case  only,  that  is,  when  the  arma-  ,,.     ^ 
tiire  conductors  are  concentrated  in  one 
slot  |)er  pole.     This  type  of  winding  is  called  a  concentrated  or 
uni-coil  windins^,  as  shown  in  part  in  Fig.  85. 

A  given  conductor  cuts  ^><t>  lines  of  force  in  passing  all  of  the 
poles  in  one  revolution  ;  and  since  the  armature  makes  //  revolu- 
tions per  second,  the  given  conductor  cuts  )ijj^  lines  of  force  per 
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second.  Now,  by  definition,  the  cutting  of  one  line  of  force  per 
second  induces  in  a  conductor  one  c,fj,8.  (centimeter-gram -second) 
unit  of  electromotive  force.  Therefore  there  is  an  average  of  njj^ 
c.y.H.  units  of  electromotive  force  induced  in  one  armature  conduc- 
tor ;  but  since  there  are  Z  armature  conductors  in  series  between 
the  collector  rings,  the  average  electromotive  force  between  collec- 
tor  rings  is 

Z7ip4>  cjj,t<,  units 

Zw7><I> 

or  —  1/W—  volts. 

The  factor  by  which  the  average  electromotive  force  must  be 
multiplied  to  give  the  effective  electromotive  force  is  called  the 
'*  form  factor  of  the  electromotive  force  curve  of  the  alternator." 
Therefore,  if  K  is  this  form  factor,  we  have: 

_^  _,       KZw/>4>      _ 

Eiiective  E  =  — zrr^ —  volts. 

This  equation  may  be  written  so  as  to  give  the  electromotive  force 
(effective)  of  the  alternator  in  terms  of  the  number  of  turns  T  of 
wire  on  the  armature,  and  of  the  frequency/*,  as  follows: 

Since  -o-  =  T,  or  Z  =:^  2T, 

and  j>fi  =  2j\ 

therefore,  substituting  these  values  oi pn  and  Z  in  equation  29^', 
we  have: 

Exaw]>h.  An  alternator  has  200  turns  of  wire  on  its  arm- 
ature, and  1,000,000  lines  of  magnetic  flux  from  each  field  pole. 
It  is  run  to  give  a  frequency  of  125  cycles  per  second.  The  value 
of  the  factor  K  is  1.11  (sine-wave  electromotive  force  curve  and 
concentrated  winding).  The  effective  electromotive  force  of  this 
alternator,  therefore,  is: 

4X  1.11  X  10*^  X  125  X  200       ,  ,,^      , 
^^  1,110  volts. 
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38  b.  The  Electromotive  Force  Factor  K  in  Equation 
29tf.  When  the  magnetic  Hux  is  distributed  in  the  ideal  way 
explained  below  and  represented  in  Fig.  86,  the  factor  K  is 
called  the  phase  constant  of  the  winding. 

When  the  winding  is  concen- 
trateil,  the  factor  K  is  called  the 
form  factor  of  the  electromotive 
force  curve.  This  factor  K  depends 
in  general  upon  the  manner  in 
which  the  magnetic  flux  is  distrib- 
uted in  the  air  gap,  and  upon  the 
manner  in  which  the  armature 
windings  are  distributed  around 
the  armature. 

Case  I.  When  a  Harmonic 
Kit'ctromotive  Force  is  Induced  in  Each  Tarn  of  the  Armature 
Winding.  This  is  the  case — never  fully  realized  in  practice — 
when  the*  magnetic  flux-density  (that  is,  the  field  intensity  in  the 
gap  space  between  the  pole  faces 
and  the  iron  of  the  armature  core) 
is  zero  at  the  points  a^  Fig.  86,  and 
when  this  field  intensity  increases 
to  a  maximum  at  c  and  at  c'  in 


Fig.  87. 


Fig.  88. 


such  a  manner  that  the  field  intensity  at  any  point  b  is  propor- 
tional  to  the  sine  of  the  antjle  B. 
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Consider  an  armatnre  rotating  in  a  field  distributed  in  the 
ideal  way  above  specified.  Suppose  the  winding  to  be  arranged 
in  slots  spaced  as  shown  in  Fig.  ST,  four  slots  per  pole.  Fig.  88 
shows  one  group  <'  h  c  d  of  these  slots  drawn  to  a  larger  scale. 
Two  wires  on  the  armature,  at  a  distance  apart  equal  to  the  dis- 
tance between  adjacent  north  poles,  and  subtending  the  angle  j, 
Fig.  SS,  have  induced  in  them  two  electromotive  forces.  These 
forces  are  to  be  thoucrht  of  as  differing  in  phase  by  360',  because 
of  the  fact  that  the  electromotive  force  in  a  given  conductor 
passes  through  a  complete  cycle  while  the  conductor  moves 
from  the  center  of  a  given  north  pole  to  the  center  of  the  next 
north  pole.  Therefore  the  phase  diflFerence  of  the  electro- 
motive forces  induce<l   in   tlie  wires  placed   in  slot  a^   and   those 

AC 

induced  in   the  wires   i)lace<i    in  slot  h,  is  —  X  3H0  :  or,  in  other 
wonLs,  this  anple  is: 

width  of  tooth  -^  width  of  slot  • 

X  3G0  . 


circumference  of    armature  h-  number   of  pairs  of  poles 

The  lines  A  and  i5  in  the  clock 
\9^,.-y — "|^>^    diagram,    Fig.    89,   represent    in 

magnitude  and  phase  the  electro- 
motive forces  induced  in  the  wires 
in  slots  tf,  Fig.  87,  and  in  the 
wires  in  slots  />,  Fig,  87,  respec- 
tively. Similarly,  the  lines  C  and 
Pig  89  Din  Fig.  89  represent  the  electro- 

motive forces  induced  in  the  wires 
in  slots  ^,  Fig.  87,  and  in  the  wires  in  slots  rZ,  Fig.  87,  respectively. 
If,  now,  the  windings  in  the  slots  a^  />,  ^,  and  rf,  Fig.  87,  are  con- 
nected  in  series,  the  total  electromotive  force  produced  by  all  the 
windings  will  be  represented  by  the  line  E  in  Fig.  89.  The  line 
E  is  the  closing  side  of  the  polygon  of  which  the  sides  (A),  (B), 
(C),  and  (D)  are  drawn  respectively  parallel  and  equal  to  the 
electromotive  force  lines  A,  B,  C,  and  D.  The  value  of  K,  which, 
in  the  case  of  the  ideally  distributed  field  flux  here  considered,  is 
called  the  '*  phase  constant "  of  the  winding,  is  equal  to  the  ratio 
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E 
VT-;  that  is,  the  value  of  K  is  equal  to  the  ratio  of  tlie  length  of 

the  line  E  to  four  times  the  length  of  on^  of  the  lines  A,  B,  C,  or  D 

Case  3.     When  a  Harmonic  Klevtro motive  Force  is  Not 

Lndiiced  in  KacJf^  Turn   of  the  Armature    Winding.     We  shall 

discuss,  first,  the  case  of  a  concentrated   winding  fin  wliich  case 

Iv  is  simply  the  "  form  factor  "  of  the  electromotive  force  wave); 

and  then  the  case  of  a  dtHtrihiited  winding. 

Fig.  90  shows  a  developed  view  of  a  four- pole  alternator  hav- 

i  ng  four  armature  conductors  ^,  J,  <*,  and  d.    Of  course,  these  four 

conductors  are  connected  in  series  between  the  collecting  rings  (not 

jsliown  in  the  figure)  ;  and  in  tracing  the  circuit  from  one  collect- 

i  xig  ring  to  the  other,  one  would  pass  down  along  conductor  a^  then 

<iross  to  conductor  h^  up  i,  tlien  across  to  conductor  c^  down  c 
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Fig.  90. 


'tihen  across  to  conductor  r/,  up  d^  and  then  to  the  other  collecting 
^ing.  The  directions  of  the  electromotive  forces  induced  in  the 
x^arious  conductors  are  indicated  thus  O  and  ©.  The  symbol  O 
indicates  an  electromotive  force  directed  toward fi  the  reader,  and 
the  symbol  ©  indicates  an  electromotive  force  directed  away  front 
the  reader. 

Let  us  reckon  time  from  the  instant  when  conductor  a  is  in 
the  position  shown  ;  and  let  time  be  plotted  as  abscissas,  and  suc- 
cessive values  of  the  induced  electromotive  force  as  ordi nates,  in 
the  diagram  AB,  Fig.  00.  Suppose  that  the  intensity  of  the  field 
in  the  gap  space  between  pole  faces  and  armature  core  is  uniform, 
and  that  it  terminates  sharply  at  tlie  pole  tips,  that  is,  that  there  is 
no  spreading  of  the  lines  of  force  such  as  is  shown  in  Fig.  11 
(Part  I).     As  a  matter  of  fact,    however,  the  field  always  does 
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spread.  The  aniialuro  conductors  move  with  uniforin  velocity  to 
the  riirlit,  and  the  ratio  of  breadth  of  pole  face  (I)  inches)  to  i)ole 
pitch  (10  inches)  is  •^\, 

Then,  during  each  cycle  of  which  the  duration  is  20  units  of 
time,  the  successive  instantaneous  values  of  the  induced  electromo- 
tive forct^  are: — constant,  positive,  and  equal  to  E  for  6  units  of 
time  ;  they  are  zero  for  4  units  of  time  ;  they  are  constant,  necra- 
tive,  and  equal  to  E  for  (>  units  of  time  ;  and  they  are  again  zero 
for  4  units  of  time.  The  ai)i:ra(je  value  of  the  electromotive  force 
during  the  first  half  cycle  is  therefore  equal  to 

E  X  T)  ^  0  X  4        (5  ^,      , 

To =  ^^^o\x.^.    . 

The  squares  of  the  successive  instantaneous  values  of  the  in- 
duced electromotive  force  are: — constant,  positive,  and  equal  to  E- 
for  0  units  of  time  ;  they  are  then  zero  for  4  units  of  time  ;  and 
so  on.  The  average  val tie  of  the  ^quarta  of  the  successive  instan- 
taneous  values  of  the  induced  electromotive  force  during  half  a  cycle 
is  therefore  equal  to 

E^   X   0  -i    0^  X   4       ,    ,  ^^    V.       u  ^ 
|-TT volts^  --  -z^  yJ  volts', 

from  which  we  iind  the  effective  value  hy  extracting  the  square 
root.     Thus, 

ectiv(»  value  of  induced  electromotive  force  ==  \Tr\  X   E  volts. 

Tli(»  value  of  K  (form  factor),  in  the  case  of  a  tonrentrated 
winding,  is 

r^^E 

effective  value        \  10 
~   averatre  value  H         ~  * 

The  value  of  K  for  a  concentrated  winding  may  be  calculated,  as 
in  the  above  example,  for  any  breadth  of  pole  face. 

The  value  of  K,  in  the  case  of  a  dlstrlhutcd  winding,  is  cal- 
culated as  follows  : 

Fig.  in  shows  a  four- pole  alternator  with  two  armature  con- 
ductors 'f  and  h  for  each  field  j)ole.    (Only  two  of  these  conductors 
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a^re  shown  in  the  figure).  The  curve  of  the  ek^ctroniotive  force 
iiuluctHl  in  all  the  a  conductors  is  shown  l)y  the  rcctanjjjular  waves 
^B.  Tills  electromotive  force  has  a  constant,  [)ositive  value  E 
:ffor  12  units  of  time  ;  then  a  zero  value  for  8  units  of  time  ;  then 
«i  constant,  negative  value  E  for  12  units  of  tinu»  ;  and  so  on. 

The  curve  of  the  electromotive  force  induced   in  all  the  h 
<x)nductor8  is  shown  by  the  rectangular  waves  CD.     This  electro- 
motive force  rises  from  zero  to  the  full  value  E  at  the  instant  when 
the  conductors  h  are  in  the  position  of  a^  as  shown  in  the  figure  ; 
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Fig.  91. 

that  is,  the  electromotive  force  induced  in  conductors  //  risea  from 
zero  to  its  full  value  E,  7  units  of  time  before  the  corresponding 
rise  of  the  electromotive  force  in  conductors  a. 

The  total  electromotive  force  curve  EF,  Fig.  91,  of  the  alter- 
nator, is  found  by  adding  corresponding  ordinates  of  the  curves 
AB  and  CD.  A  careful  inspection  and  comparison  of  AI>  and  CD 
shows  that  the  total  electromotive  force  of  the  alternator  is  zero 
for  1  unit  of  time,  equal  to  E  for  7  units  of  time,  ecjual  to  2E  for 
5  units  of  time,  and  equal  to  E  for  7  units  of  time,  during  each 
half  cycle  of  20  units  of  time.  Therefore  the  average  value  of  the 
electromotive  force  EF  during  half  a  cycle,  is: 


0_XJL_+Ji:  X^  +  ^E  X^+  E  X  7 

20 


24 

•771  X   j'-'  =^  i.*-il». 
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Referring  to  the  curve  EK,  Fig.  91,  it  is  evident  that  the 
squares  of  the  successive  instantaneous  values  of  the  total  electro- 
motive force  of  the  machine  are  as  follov^s:  0^  for  one  unit  of 
time,  E^  for  seven  units  of  time,  (2Ey  for  five  units  of  time,  and 
E^  for  seven  units  of  time,  during  each  half  cycle  of  twenty  units 
of  time.  Therefore  the  average  value  of  the  squares  of  the  electro- 
motive force  EF  during  half  a  cycle,  is 

(O'-'  X  1)  +  (E^  X  7)  +  (4E^  X  5)  +  (E^  X  7)       34       ^^ 

20  20  ^       ' 

« 

and  the  effective  value  of  the  electromotive  force  EF  is: 

^^^y■V.-  1.804K. 

The  value  of  K  for  the  case  under  consideration,  as  shown  in 
Fig.  91,  is  th(^  ratio: 

effective  electromotive  force  1.304 

averatre  electromotive  force  1.2  *        ' 

which  is  simjily  the  form  factor  of   the  electromotive  force  curve 
of  the  alternator. 

Note. — The  factor  K  is  the  same  thing  as  form  factor  whenever  the 
distance  ah,  l''ig.  91,  between  the  remotest  conductors  of  a  group  of  conductors 
is  less  than  tlie  distanre  cd  between  the  pole  tips,  on  the  assumption  that  the 
magnetic  lines  of  force  do  not  spread  into  the  spaces  between  the  pole  tips. 

39.  Armature  Reaction.  The  current  that  circulates  in  an 
alternator  armature  has  magnetizing  action;  and  the  actual 
useful  flux  4>  ])er  polo  is  due  to  the  combined  magnetizing  action 
of  the  field  coils  and  of  the  armature  coils.  This  magnetizing 
action  of  the  armature  current  in  its  effect  upon  the  useful 
flux  4>,  is  called  ''  armature  reaction."  In  case  the  current  in  the 
armature  h((js  h<h'nul  the  electromotive  force  (when,  for  example, 
the  outside  receiving  circuit  has  inductance,  as  when  the  alternator 
supplies  current  to  induction  motors),  the  effect  of  armature 
reaction  is  to  rrdiar  the  useful  flux  4>  from  each  pole.  In  case 
the  current  in  the  armature  Is  ahtftd  r//*the  electromotive  force  in 
phase  (a  condition  that  sometimes  obtains  when  the  alternator 
supplies   current   to   a   synchronous  motor   or  to   any  receiving 
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apparatus  over  a  long  transmission  line,  or,  in  general,  when  the 
receivinfr  apparatus  acts  like  a  condenser),  tht»  t»flFeet  of  armature 
reaction  is  to  iiicreaHe  the  useful  flux  4>  from  each  pole. 

To  state  the  matter  in  another  way,  it  may  l)e  said  that  the 
effect  of  a  lagging  armature  current  is  to  oppose  the  magnetizing 
action  of  the  field  coils.  On  the  other  hand,  the  effect  of  a  lead- 
ing current  in  the  armature  is  to  help  the  magnetizing  action  of 
the  field  coils. 

In  an  alternator  the  invisible  variations  in  phase  difference 
between  the  armature  current  and  the  electromotive  force,  due  to 
the  varying  character  of  the  receiving  apparatus,  correspond,  in 
their  influence  on  armature  reaction,  to  the  visible  variations  in  the 
position  of  the  brushes  of  a  direct-current  generator. 

Fig.  92  represents  a  single-phase  alternator  running  in  the 
direction  indicated  by  the  curved  arrow.  The  electromotive  force 
induced  in  the  armature  coil  A  is  zero  at  the  instant  when  the 
armature  is  in  the  position  shown;  and  if  the  armature  current 
is  in  phase  with  the  electromotive 
force,  the  current  also  will  be  zero 
at  this  instant. 

In  considering  armature  reacr 
tion  we  shall  discuss  three  cases,  as 
follows: 

1.  Armature  current  in    phase  with    elec- 

tromotive force. 

2.  Armature  current  laggipg  behind  elec- 

tromotive force. 

3.  Armature  current  leading  the  electro- 

motive force. 

Case  1.  As  the  armature  tooth 
A,  Fig.  92,  passes'  by  the  field  pole 
N,  the  current  in  the  armature  coil  on  A  is  reversed  in  direction. 
If  the  current  is  in  phase  with  the  electromotive  force  induced 
in  the  armature,  this  reversal  of  direction  of  current  occurs 
at  the  instant  when  the  tooth  A  is  squarely  under  N.  In  this 
case  the  armature  current  flowing  in  coil  A  just  previous  to  the 
reversal  (that  is,  when  the  tooth  A  is  a])proaching  N),  opposes  by 
its  magnetizing  action  the  flux  from  N  ;  and  after  reversal  the 
current  in  the  coil  A  helps  the  flux  from  N.    Therefore  the  former 
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or  demagnetizing  action  of  coil  A  is  balanced  by  the  subsequent 
magnetizing  action  ;  and  the  only  effect  of  the  armature  current 
in  A  is  to  weaken  the  one  side  of  the  pole  N,  and  to  strengthen  to 
an  equal  extent  the  other  side,  thus  leaving  the  useful  flux  4>  un- 
changed. 

Cask  2.  When  the  current  lags  behind  the  electromotive 
force,  the  reversal  of  current  in  the  coil  A  occurs  at  a  later  instant 
than  in  Case  1,  that  is,  when  the  coil  A  has  passed  beyond  the 
center  of  the  pole  N.  Hence  the  demagnetizing  action  of  the  cur- 
rent in  coil  A  before  reversal  lasts  for  a  longer  time  than  the 
magnetizing  action  of  the  current  in  coil  A  after  reversal,  and  the 
demagnetizing  action  exceeds  the  magnetizing  action.  Therefore 
the  resultant  effect  of  the  armature  reaction  is  to  decrease  the  use- 
ful flux  <I>  from  the  pole  N. 

Cask  3.  When  the  current  is  in  advance  of  the  electromotive 
force  in  phase,  the  reversal  of  current  in  the  coil  A  occurs  at  an 
instant  earlier  than  in  Case  1,  that  is,  before  the  coil  A  has  reached 
the  center  of  the  pole  N.  Hence  the  demagnetizing  action  of  the 
current  in  coil  A  before  reversal  lasts  for  a  shorter  time  than  the 
magnetizing  action  of  the  current  in  coil  A  after  reversal,  and  the 
magnetizing  action  exceeds  the  demagnetizing  action.  Therefore 
the  resultant  effect  of  the  armature  reaction  is  to  increase  the  use- 
ful flux  <I>  from  the  pole  N. 

40.  Armature  Inductance.  The  value  of  the  inductance  of 
an  alternator  armature  varies  with  the  position  of  the  armature 
coils  with  respect  to  the  field  magnet  poles,  so  that  the  inductance 
of  an  armature  increases  and  decreases  at  a  frequency  twice*  as 
great  as  the  frequency  of  the  electromotive  force  of  the  alternator. 
The  armature  of  the  alternator  shown  in  Fig.  1  (Part  1),  for 
example,  has  about  three  or  four  times  as  much  inductance  when 
the  armature  teeth  are  squarely  under  the  field  poles  as  it  has 
when  the  armature  teeth  are  midway  between  field  poles.  That  is, 
the  flux  produced  through  the  armature  teeth  by  a  given  current 
is  three  or  four  times  as  great  in   the  first  case  as  in  the  second 


*  The  electromotive  force  of  an  alternator  passes  through  a  cycle  when 
an  armature  coil  passes  from  a  north  pole  of  the  field  to  the  next  north  pole. 
The  inductance  passes  through  a  cycle  of  values  when  an  armature  coil  passes 
from  one  field  pole  to  the  next  field  pole. 
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case.  This  fluctuation  of  armature  inductance  makes  it  very  diflS- 
cult  to  predetermine  the  electromotive  force,  and,  in  general,  the 
behavior  of  a  machine.  In  the  following  discussion  the  armature 
inductance  is  assumed  to  be  constant. 

The  inductance  of  an  alternator  armature  is  proportional  to 

the  linear  dimensions  of  the  armature,  other  things  being  equal ; 

and  the  inductance  of  an  armature  of  given  size  is  much  greater 

when  the  winding  is  concentrated  than  it  is  when  the  winding  is 

distributed. 

A  moderate  amount  of  armature  inductance  is  advantageous 
ill  alternators  which  are  to  be  run  in  parallel  ;  and  in  case  of  a 
sliort  circuit,  the  armature  inductance  keeps  the  current  from  be- 
c?oniing  excessive.  Armature  inductance  is  more  or  less  objection- 
ii.l)le  in  an  alternator  which  is  to  be  used  to  supply  current  at 
Constant  electromotive  force,  on  account  of  the  electromotive  force 
tliat  is  lost  in  the  armature,  as  explained  in  the  next  article. 

The  inductance  of  an  armature  is  best  determined  by  sending 
^trough  it  when  at  rest,  from  an  outside  source,  a  measured 
alternating  current  I,  and  measuring  the  electromotive  force  E 
t>etween  the  collecting  rings.     Then 


E  =  l\    IV  -^  (o 


2T'J 


Or,  solving  for  L,  we  have: 

^^  =  ^«  '  E^(IRf  (30) 

Knowing  the  armature  resistance  and  the  frequency  — ^     ,  we    can 

find  L  from  equation  HO.  The  value  of  L  depends  greatly  upon  the 
position  in  which  the  armature  is  held,  as  explained  above,  and 
upon  the  degree  of  field  excitation. 

Example.  The  armature  of  a  single-phase  alternator  has  a 
resistance  of  0.2  ohm.  An  electromotive  force  of  100  volts  at  a 
frequency  of  125  cycles  per  second  (co  =  785  radians  ])er  second) 
applied  to  the  collecting  rings  of  the  armature  at  rest,  produces  an 
effective  current  of  100  amperes.  Therefore  the  inductance  of  the 
annature,  as  calculated  by  use  of  equation  30,  is  0.00125  henry. 

41.  Electromotive  Force  Lost  in  Armature  Drop.  The 
electromotive  force  between  the  collecting  rings  of  an  alternator 


m 


86  ALTERNATING  CURRENT  MACHINERY 


with  given  load,  is  less  than  the  electromotive  force  between  rings  at 
z^ro  load,  with  given  field  excitation,  because  of  two  electromotive 
force  losses  that  occur,  and  because  of  the  effect  of  armature  reaction. 

(a)  The  loss  of  electromotive  force,  or  the  drop,  is  due,  in  the  first  place, 
to  the  resistance  of  the  armature.  This  loss  is  equal  to  RI;  it  is  in  phase  yrlih 
I ;  and  it  is  precisely  nnalopous  to  the  electromotive  force  lost  in  a  direct-current 
armature  due  to  tlic  resistance  of  the  armature. 

(h)  Tlic  loss  of  electromotive  force,  or  the  drop,  is  due,  secondly,  to 
th"  inductance  of  the  urniaturc.  This  loss  is  equal  to  co  LI,  and  it  is  90®  ahead 
of  I  in  phase. 

(r)  The  demagnetizing  action  of  the  armature  current  on  the  field 
Icsmms  the  useful  flux,  and  thus  indirectly  causes  a .  falling-off  in  the  induced 
electromotive  force. 

The  result  of  the  actions  b  and  c  above  is  to  cause  a  loss  of 
electroniotivi^  force  in  the  armature  of  the  same  character  in  each 
case  in  so  far  as  phase  relations  with  current  are  concerned. 
Therefore  it  is  convenient  to  attribute  the  total  effect  of  b  and  c 
to  a  fictitious  armature  inductance  L',  which  is,  of  course,  larger 
in  valuta  than  the  armature  inductance  L  in  equation  30.  The 
inductance  reactance  &>  L'  corresponding  to  this  equivalent  induct- 
ance I/,  is  called  the  synchronous  reactance  of  the  armature. 

An  example  of  the  calcnlntion  of  synchronotis  reactance  is  given  later 
on,  in  the  articles  on  Alternator  Lustres,  Efliciencies,  etc. 

43.  Alternator  Res^ulation.  Given  an  alternator,  having 
constjint  field  excitation.  It  has  a  certain  electromotive  force 
b(»twtH»n  collectinj^  rings  when  its  current  output  is  zero.  As  the 
current  output  incnvxses,  the  electromotive  force  between  collector 
rinj^s  f^enerally  decreases,  becauso  of  the  actions  described  in  the 
forecroing  article;  and,  conversely,  as  the  current  output  decreasef. 
the  terminal  electromotive  force  rises.  The  increase  of  electro- 
motive force  from  full  load  to  zero  load,  with  constant  full-load 
field  excitation,  expressed  as  a  percentage  of  the  full-load  terminal 
electromotive  force,  is  called  tlie  regulation  of  the  alternator. 

K,rainple.  A  certain  alternator  gives  1,100  volts  between  its 
collector  rings  at  full -load  current  and  full-load  field  excitation. 
When  the  current  outj)ut  is  decreased  to  zero  by  0{)ening  the  main 
switch,  leaving  the  field  excitation  and  speed  unchanged,  the 
terminal  electromotive  force  ris(»s  to  1,166  volts.  The  regulation, 
according  to  the  above  definition,  is: 
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1,106-1,100        ,^^       ^ 

^       ' X  100  =  6  per  cent. 

The  regulation  of  a  given  alternator  varies  greatly  with  the 
character  of  the  receiving  circuit   to  which  it   delivers   current. 
iVhen  the  receiving  circuit  has  large  inductance  reactance  (as  in 
the  case  of  under-loaded  transformers  and  induction  motors),  the 
terminal  electromotive  force,  under  increasing  load,  falls  off  very 
much  more  than  when   the  receiving  circuit  is  non-inductive  (as, 
for  example,  when  the  receiving  circuit  consists  of  incandescent 
lamps  supplied    through    fully    loaded    transformers).     In    other 
W'ords,  the   regulation    of   an  alternator  is    larger   for  inductive 
receiving  circuits  than    for  non-inductive  receiving  circuits.     If 
tLe  receiving  circuit  has  large  capacity  reactance  (as,  for  example, 
when  the  receiving  circuit  consists  of  over-excited  synchronous 
rnotors),  the  terminal  electromotive  force  of  the  alternator  will  rise 
with  an  increase  of  the  current  output;  and  the  regulation  of  the  alter- 
nator, according  to  the  above  definition,  will  be  negative.     In  prac- 
trice,  the  receiving  circuit  never  as  a  whole  has  capacity  reactance. 
Example.     A  given  alternator  has  a  regulation  of  8  per  cent 
On  a  non-inductive  receiving  circuit  (unity  power  factor), and  one 
of  15  per  cent  on  an  inductive  receiving  circuit  having  a  power 
factor  of  0.8. 

43.     Field  Excitation.     In  most  alternating-current  systems 

tlio  voltage  at  the  points  from  which  current  is  distributed  is  kept 

t!onstant  or  approximately  constant.    This  requires  that  the  voltage 

Ht  the  terminals  of  the  alternator  be  somewhat  increased  as  the 

amount  of  current  (or  load)  is  increased,  the  amount  of  the  increase 

in  electromotive  force  depending  on  the  volts  lost  in  the  line.     If 

the  field  excitation  of  an  alternator  be  kept  constant  while    the 

current  taken  from  the  armature  is  increased,  the  voltacro  at  the 

terminals  will  decrease,  just  as  in  the  ciise  of  a  direct -current  shunt 

dynamo.     Hence,  in  order  to  kee[)  the   voltage  at   the  terminals 

constant,   or  to  cause   a  rise  of   voltacre  with  increasinix  current 

output,  it  becomes   necessary  to  increase  the  field  excitation  with 

increasing  current  output. 

There  are  in  general  three  methods  in  use  for  accomplishing 
this  regulation: 
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1.  By  adju5taUe  rheostat  in  alternator  field  circuit,  or  in  exciter  Add 

circuit,  or  ih  l«»th 

2.  By  rf»inp«:>^ite  tit-Id   i\inding.   uhich   is  a  combination  of  self  and 
separate  field  excitation. 

3-     By  eoDipensated  field  winding. 

Case  1.  Sepamt*:  Ex''*t*ft'"»n,  The  simplest  method  is  tliat 
ill  list  rat»Hl  bv  the  diacrranj.  Fig.  03,  in  which  A  represents  the 
annaturt'  windinrr,  the  terminals  of  which,  T,,  T^,  are  connected  to 
tin*  collector  rings,  which  in  turn  are  connected  to  the  line  wires 
through  the  brushes. 

The  field  of  the 
alternator  is  excited 
by  a  set  of  coils  on  the 
pole  pieces.  These 
coils  are  represented 
by  F  ;  and  current  is 
supplied  to  these  coils 
from  a  small  direct- 
current  dynamo,  E, 
called  the  "exciter." 
This  exciter  is  a  small 
shunt- wound  dynamo 
furnished  with  an  ad- 
justable rheostat  /•  in 
Hrri<-M  with  its  iield  /*.  An  adjustable  rheostat  R  is  placed  in  the 
jiltcrnjitor  firld  circuit  also.  When  the  electromotive  force  of  the 
^lU-rnator  decreases,  the  field  may  be  strengthened  by  cutting  out 
rc.,i<t}inc«^  in  either  II  or  i\  or  in  l)0th. 

Regulation  by  r  alone  is  generally  used  in  large  machines, 
<\u('i'  tlio  exciter's  field  current  is  relatively  small,  while  the  alter- 
ui\U^r  field  curnMit  is  usually  large  and  hence  would  cause  a  large 
\'  \l  lo.^M  if  passed  through  a  rheostat. 

CahI':  *J.     (■tniijHhstfr.  K.rctfttfion,     The  electromotive  force  of 

fiu  HJf^TnMtor  excited  as  in  Case  1  falls  off  greatly  with  increasing 

('iiftM\\.  (»nl|mi  ;  and  to  counteract  this  tendency  automatically,  an 

#Mi*iMi»ry  Held  excitation    is  frequently  provided,   which    increases 

f|j  fhM  current  ()Ut|)ut  of  tln^  machine.     For  this   purpose  the 

^l#«  or  n  ijorlion  of   the  current  given  out  by  the  machine  is 
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rectified,*    and    Bent    tbrough    the  anxiliary   field    coils.      This 
arrangement  fa  shown  in  Fig.  114. 

The  field  wiuding  of  the  alternator  has  two  Bets  of  coils  F  and 
C.  The  coils  F  are  separately  excited  as  in  Case  1.  The  coils  C, 
known  as  the  " series "  or  "composite  coils,"  are  excited  by  the 
main  current  from  the  alternator.  One  terminal  of  the  armatnre 
winding  is  connected  directly  to  a  collecting  ring.  The  other 
armature  terminal  connects  to  one  set  of  alternate  bars  of  the 
rectifying  commutator  li.  From  the  rectifier  the  current  is  led 
through  the  winding  (',  thence  back  to  the  rectifier,  and  thence  to 
the  other  collecting  ring.  Tlie  shunt  .V,  within  the  commutsitor, 
may  be  used  when  it  is  desired  to  rectify  only  a  part  of  the  current. 
There  ia  also  a  shunt  .S"  which 
may  be  used  to  n.'gulate  the 
amount  of  current  flo 
through  the  coil  C. 

The  alternating-current 
rectifier  is  an  arrangement  for 
reversing  the  connections  of  the 
field  circuit  with  each  reversal 
of  the  current  from  the  alter- 
nator, BO  that  the  current  may 
flow  always  in  the  same  direc- 
tion in  the  field  circuit.  The 
rectifier  is  a  commutator 
mounted  on  the  armature  shaft. 
This  commutator  has  as  many 
bars  as  there  are  poles  ou  the 
field  magnet  of  the  alternator. 
These  bars  are  wide,  and  are 
separated  by  quite  narrow 
spaces  filled  with  mica.  Let  these  bars  be  numbered  in  order  around 
the  commutator.  The  even -nunilw red  i)arB  are  connected  together, 
and  the  odd. numbered  bars  are  connected  together.  The  connect- 
ing wire  leading  from  one  terminal  of  the  alternator  armature  to 
one  of  the  collector  rings  is  cut;  and  the  two  ends  thus  formed  are 
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connected,  one  to  tlie  even-nouibered  bsir?  ^ shown  in  full  black  in 
Fig.  1*4)  of  the  Tv^nifviui:  ci^mmotator,  and  the  other  to  the  odd- 
nombeTvd  bars  (shown  white  in  Fic^.  *J4i.  The  field  circuit  that 
is  to  receive  the  rvcilfied  current  is  connected  to  two  brushes 
which  rub  on  the  rectifvincf  commutator,  these  brushes  beincr  bo 
spaced  that  one  touches  an  iidd-numbervd  bar  when  the  other 
toucht-s  an  even-numbervJ  bar.  Tlie  brushes  are  carried  in  a 
rocker  arm.    which  is    moved    forwards  or   backwards    until   the 

brushes  are  passing  from 
one  l^rto  the  next  at  the  in- 
stant that  the  alternatin<r 
current  from  the  alternator 
is  passing  through  the  value 
zero.  The  proper  adjust- 
ment of  the  brushes  is  in- 
dioated  bv  a  minimum  of 
sparking. 

FijX.  95  shows  an  altei 
naior  A  with  two  sets  of  field 
coils  F  and  C  as  before. 
One  armature  terminal  is 
connected  to  a  collect incr 
rinir;  and  the  other  armature 
tt'rminal  connects  tq  the 
primary  of  a  transformer  T, 
and  thence  ti>  the  other  col- 
Kvtinix  rinjT.  The  terminals 
of  the  secondary  coil  of  T  coniurt  to  the  Imrs  of  the  rectifying 
coniniutator  I»,  from  which  the  co:njK)site  field  winding  C  is  sup- 
]>litHl.  The  tranjifornicr  T  is  usually  placeii  inside  the  armature 
Arr^rmjt  Hi' nt  ^>r  dnnpitsltf  V\,h1  In  <*'/.vv»  of  Tioo-phase 
trnJ  Thn  *-pluis,  AU.  ru*if'»r.ii.  Com  jx>site  field  excitation  is  not 
satisfactory  in  case  of  polypliasi-  alternators,  unless  the  receivincT 
circuits  supplitMJ  from  the  alternators  are  approximately  balanced. 
I  nbalancintr  of  the  rcceivinjr  circuits  chanijes  the  electromotive 
forces  generated  in  thedifTerent  phases  of  the  armature,  by  different 
Hniounts;  an<l  composite  excitation  c:innot,  of  course,  correct  the 
cle<*tromotive  force  variations  of  all  the   phases. 


Fii:.  V*.".. 
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Series  Trxmafbrmcf 

Armature 


Pig.  96. 


In  caev  of  approximate  balance,  the  current  for  the  composite 
field  excitation  is  taken  throiigh  a  rectifyinp  commutator  from  tlie 
secondary  coil  of  a  series  (or  current)   transformer  wbich  has  two 
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or  three  distinct  primary  coils,  one  for  each  phase.  This  arrange- 
ment is  shown  in  Figa.  96  and  97.  The  effect  of  the  several 
primary  coils  on  the  series  transformer  in  tf>  balance  iip  the  slight 
differences  of  the  several  ]>olyphase  currents,  in  so  far  as  their 
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action  ujK)n  the  composite  excitation  is  concerned.  This  method 
ifl  used  by  the  Westinghouse  Company. 

C'ahe  3.  C ompeT) Hated  Excitation ,  An  alternator  with  com- 
poflite  excitation  can  be  adjusted  so  that  the  terminal  electromotive 
force  Ixitween  the  collector  rings  can  be  kept  fairly  constant  if  the 
power  factor  of  the  receiving  circuit  is  invariable.  Variations  of 
the  j>ower  factor  of  the  external  circuit,  even  though  the  current 
output  of  the  rnochine  remains  constant  in>  valve^  produce  varia- 
tions of  the  terminal  electromotive  force  of  an  alternator.  These 
variations  of  terminal  electromotive  force  cannot,  of  course,  be 
corrected  by  the  use  of  composite  excitation,  inasmuch  as  they  are 
independent  of  variations  of  current  output. 

In  the  compensated  polyphase  alternator  of  the  General 
Electric  Company,  variations  of  voltage  due  to  changes  of  both 
curn*nt  output  and  j)ower  factor  of  the  receiving  circuit,  are 
approximately  compensated.  The  action  of  this  alternator  is  as 
follows: 

The  artnaturc;  current  in  an  alternator  is  magnetizing  or  demagnetizing 
in  ita  effect  on  the  alternator  field  according  as  it  leads  or  follows  the  electro- 
inotivc  force  of  (lie  generator.  The  amount  of  tlie  magnetizing  or  demagnetizing 
action  depends  on  (he  magnitude  of  tlie  current  and  on  the  phase  difference 
between  the  current  and  the  electromotive  force  (/.  e.,  on  the  power  factor  of 
the  receiving  circuit).  Under  tlie  usual  conditions  of  practice,  the  current 
delivered  hy  an  alternator  lags  more  or  less  behind  the  electromotive  force, 
and  thus  exerts  a  (U'niagnetizing  action  on  the  field  of  the  alternator.  Thb 
action  causes  tlie  terminal  electromotive  force  of  the  alternator  to  decrease,  the 
amount  of  the  decrease  being  larger  the  greater  the  current,  and  the  greater 
the  angle  of  the  lag  between  the  electromotive  force  and  the  current. 

The  idttTuating  current  delivered  by  the  alternator  may  be  passed,  in 
whole  or  in  part,  through  the  armature  of  a  small  auxiliary  double-current* 
g(?nerator,  which  is  driven  in  synchronism  with  the  main  alternator.  The  field 
magm^t  of  this  auxiliary  generator  may  be  turned  into  such  a  position  that  the 
main  alternating  current,  though  lagging  with  respect  to  the  electromotive  force 
of  the  main  alternator,  will  be  leading  with  respect  to  the  electromotive  force  of 
the  auxiliary  generator.  The  angle  by  which  the  main  current  will  lead  the 
elect roniotive  force  of  the  auxiliary  generator  will  be  greater,  the  greater  the 
angle  of  lag  of  this  current  behind  the  electromotive  force  of  the  main  alternator; 
or,  in  other  words,  the  smaller  the  power  factor  of  the  receiving  circuit  being 
mipplied  with  current  from  the  alternator. 

Under  these  conditions  the  field  magnet  of  the  auxiliary  generator  is 
strengthened  cither  by  increase  of  current  delivered  through  it  by  the  main 


*N(>TF..  -  For  further  information  concerning  double-current  generators 
see  Inter  diw*ussion. 
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nllemator,  or  by  increase  i)(  llic  lag  nS  thE  mniii  nit.cmnlor  Piirrctit  iMiliiiid  ita 
I'lectroniolivc  fonv,  or  liy  bolli  thiiiEx  ■.■onibtiml, 

Tlie  auxiliniy  inarliiiic  mijiplini  nirrrnt  to  niueiirll^i-  tlir  firlil  of  Itio  main 
ulu-malor.  bo  that  llie  di'lcl  iif  the  niniii  a1l«nialor  ia  xtreTiKtliciinl  eitlicr  by 
iiii'rcasr  of  Furrcnt  delivennl  by  the  niu'm  iiIt«nirtUir,  or  by  ini-rcusi?  «r  the  angle 
nt  lag  of  llip  main  allcmator  current  behind  its  cWtromotivc  UiTit;  or  by  both. 

Coiiipaisalion  for  railing  off  ot  llie  voltage  of  the  main  generator  ilue  to 
ihp  above  livo  causes,  singly  or  combined,  i«  Ibtis  acromplished. 


The  above  method  for  iiutomatieally  coiitrolliDg  the  voltage 
of  alternators,  aa  alreiidj  BaiJ,  is  applied  in  the  compensated  field 
alternator, manufacturc-dhy  tlio  (Jeiieral  Electric  ('ompany. 

Ttiisniacliine  ifonslsta  uf  an  ordinary  multipolar  polyphase 
(two. phase  or  three-phaat-)  alteniiitiir,  and  a  small  multipolar  (same 
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onmlier  of  pules  n»  the  main  alternator)  direct-carrent  gBnerator 
(iho  nxfiter).     Ttiia  i*xcitpr  is  provided  with  slip-niiffs  rs  wpII  an  a 
i  commutator,  and  la  thus  a  doiilile-ciirrent  generator.*    Tt  ia  ilrivon 
■■on  the  Barno  shaft  with  the  main  alternator. 

Wfifn  [Rilypliase  currents  are  delivereil  by  the  main  alternator 
natniv,  they  flfjw  through  the  priuiaries  of  two  (or  three)  trans- 
formersl;  the  swondariea  of  which  are   connected  direetly  to  the 
lip-ritiga  of  thtt  exciter  arin;iture.      In  thia  way  definite  fractional 


parts  of  the  miin  alturnatiug  i-urreiita  Ih 
armature  by  way  of  the  slip-rings,  and  : 
the  exciter  as  nliove  described. 


■   through   the  exciter 
roniTthen   the  iieid   of 


*For  further  information  i^uncemin^  double-current  generators,  aee 
later  discusMon. 

f  A  transFormer  ronnei^ted  .to  that  the  entire  current  output  of  aa  alter- 
nator must  pass  thrciugli  its  primary  eoil,  gives  a  secondary  current  which 
is  In  a  fixed  rnlio  lo  thi-  primary  cnrrunt.  A  transformer  hj  useil  is  sniiietimes 
called  n  "iwri''B  ImiisforniiT,"  or  "funvnl.  tr.insfoniier."  l-'urtiicr  inromiBtion 
shout  Iranstorniers  and  their  connections  ia  given  in  subi^eiiueiit  artiutes. 
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The  (jrowii  of  field  ])()le3  of  the  exciter  is  arranj^ed  to  be 
turned  at  will  about  the  exciter  armature  as  an  axis.  This  adjuBt- 
nient,  however,  is  usually  made  once  for  all  at  the  factory. 

V'lfT,  US  is  a  f^eneral  view  of  a  three-phase  compensated -field 
alternator  of  the  (ieneral  Electric  Company. 

In  Fig.  99a,  the  revolving  8-pole  field  magnet  of  this  alternator,  together 
with  the  direct  current  armature  and  the  connnutator  of  the  exciter,  are  shown 
mounted  on  the  same  shaft.  Fig.  99«  also  shows  the  three  collector  rings  which 
serve  to  carry  tlie  three-phase  alternating  currents  from  the  stationary  alter- 
nator armature  into  and  through  the  armature  of  the  exciter;  and  also  the  two 
collector  rings  for  carrying  the  direct  current  from  the  exciter' commutator  to 
the  revolving  field  coils  of  the  alternator.  Fig.  996  shows  one  bearing  and  all 
the  brushes  of  tlie  machine. 

Tlie  stationary  armature  stmcture  of  this  compensated  alternator  is  shown 
in  Fig.  99c,  with  tlie  front  shield  and  8-pole  stationary  field  of  the  exciter  re- 
moved. 

ELEMENTARY  THEORY  OF   POLYPHASE  ALTERNATORS 
AND  SYSTEMS.— ARHATURE  WINDINGS. 

44.     Limitations  of  the  Single-Phase  System.     As  long  as 

alternating  current  was  generated,  transmitted,  and  nseijbr  electric 
lifjht'nifj  only,  the  single- phase  system  gave  complete  satisfaction. 
Simplicity  in  the  generating,  transmitting,  and  receiving  apparatus 
was  the  most  striking  and  valuable  feature  of  this  system^ 

In  the  earlier  days  of  the  electric  lighting  industry,  there 
was  very  little,  if  any,  demand  for  current  to  operate  motors  for 
jiower  pur])()8es.  Since  that  time,  however,  there  has  developed 
an  ever-increasing  demand  for  current  yj>r  power  purposes^  f^Hy 
e(jualing  if  not  exceeding  that  for  lighting  work.  With  the 
advent  of  this  new  condition,  the  great  obstacle  to  the  use  of  the 
single-phase  alternating-current  system  became  manifest.  Single- 
])hase  motors  are  difhcult  to  make  self-starting*  under  load,  espe- 
cially in  units  of  large  size;  and  hence  the  use  of  the  single-phase 
system  for  general  power  purposes,  with  the  apparatus  now  avail- 
able, is  not  practicable. 

It  was  in  lJsS8  that  Ferarris,  in  Italy,  discovered  the  impor- 
tant ])rinci])le  of  the  production  of  a  rotating  magnetic  field  by 
means  of  two  or  more  alternating  currents  displaced  in  phase 
from  one  another,  and  he  thus  made  possible,  by  means  of  the 

NoTF.. — Except  in  special  types. 
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inductiou  motor,  tho.usoof  j)olyphaso  currents  for  power  purposes. 
The  QH'tPst  iiiijyortaUft  a<li)'f  itfaye  irfjxdijpluiHOj  altennttnuj  cttrrefds 
over  the  sunple  sintjle-phine  syntenh  U  that  alter natuitj -cur rent 
7ryttor8  can  he  sat ii<f acta rlly  operated  hy  th^ni.  It  wad  mainly  the 
requirements  of  the  induction  motor  that  led  to  the  development 
of  the  polyphase  system. 

45.  The  Two-Phase  Alternator.  The  simplest  form  of 
polyphase  generator  consists  of  two  similar  and  independent  single- 
phase  armatures  mounted  rigidly  on  one  and  the  same  shaft,  one 
beside  the  other,  in  such  a  manner  that  the  electromotive  forces 
at  the  terminals  of  the  re8[)ective  armatures  arrive  at  their 
maximum  values  90',  or  one-fourth  of  a  {)eriod,  apart.  The  cur- 
rents from  such  a  machine  are  said 
to  have  a  two-phase  relationship. 
The  two  separate  armatures  are  sup- 
])i)sed  to  revolve  inside  the  same 
crown  of  field  magnet  poles. 

Ficr.  100  shows  an  end  view  of 
such  an  arrangement,  but  armature 
B  is  here  shown  inside  of  armature 
A  for  the  sake  of  clearness.  As 
will  l>e  seen  in  the  figure,  armatures 
A  and  B  are  so  mounted  on  the 
shaft  that  the  slots  of  A  are  mid- 
way umier  the  poles  NS  when  the 
slots  of  B  are  midway  hit  wee  11  the  same  jx)les. 
ment  the  electromotive  force  generated  in  the  armature  coils  of 
A  and  B  are  so  related  in  their  variations  that  the  electromotive 
force  of  A  is  at  its  maximum  when  the  electromotive  force  of  B 
is  zero.  Or  in  other  words,  the  two  electromotive  forces  are  90' 
aj)art  in  phase,  or  are  in  quadrature  (at  right-angles)  to  each  other. 

A  careful  study  of  Fig.  100  will  show  that  the  electromotive 
forces  induced  in  armatures  A  and  B  are  90^  apart  in  phase.  Thus 
the  figure  shows  the  armature  A  in  the  position  in  which  its 
windings  (in  the  slots)  are  cutting  lines  of  flux  from  the  field  poles 
at  a  maximum  rate,  while  the  armature  B  is  shown  in  the  position 
in  which  its  windings  are  midw:iy  between  the  field  poles  where 
they  do  not  cut  any  magnetic  flux  at  all.     Therefore  the  electro- 
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motive  force  in  the  wiiidiii«xs  of  the  armature  A  is  at  its  maximum 

value,  and  the  electn>motive  foR*e  in  the  windintjs  of  armature  B 

is  zero  at  the  j/iven  instant. 

The  two  wjual,  hut  distinct  and  independent  electromotive 

forces  generated  l;y  such  a  two- phase  alternator  are  generally  used 

to  supply  two  distinct  and  separate  currents  to  two  distinct  and 

independent  circuits. 
When  so  used  the  system 
is  called  a  two.phase,  four- 
wire  system.  We  shall 
see  later  that  it  is  possible 
to  interconnect  the  two  cir- 
cuits in  such  a  manner  that 
one  of  the  four  line  wires 
may  W  omitted. 

In  practice  the  actual 
two- phase  alternator  is  con- 
structed  by  placing  the 
armature  windings  of  A 
and  B  upon  one  and  the 
same  armature  core,  instead 
of  on  separate  cores.     To 

accomplish  this  the  armature  body  has  twice  as  many  slots  as  either 

A  or  B  in  Fig.  100.     Fig.  101  shows  such  an  armature.     The  slots 

marked  a^,  a.,^  ff-^,  etc.,  contain  the  conductors  comprising  phase  A; 

whereas  the  slots  mafked  /^j,  /a^i  ^^i^  ^*tc.,  contain  the  conductors  com- 
prising  phase    B.       The  A 

winding  ])asses  in  slot //j  from 

front  to  back  of  the  armature 

core;  then  towards  the  reader 

(that  is,  from  back  to  front) 

in  slot  //2?  ^1^^'"  from  front  to 

back  in  ^3,  from  back  to  front 

in  o^,  and  so  on.     The  various 

conductors  in   slots  (f^,  ffo.  ^^i, 

etc.,   are  loined    in   seri(*s   by 

connectors  (at  front  and  back),  and  tlu^  two  ends  of  the  iinal  series 

are  conm^cted   to  two  collector  rinirs. 


Fip.  101. 


Fig.  102. 
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The  B  winding  passes  in  slot  />i,  from  front  to  back  of  the 
armature  core;  then  towards  the  reader  (that  is,  from  back  to  front) 
in  slot  hoj  then  from  front  to  back  in  />3,  from  back  to  front  in  J4, 
and  so  on.  The  various  conductors  in  slots  9^,  ^39  ^39  ^^^'^  ^^ 
joined  in  series,  and  the  two  ends  of  the  final  series  are  connected 
to  two  collector  rings,  which  rings  are  distinct  from  the  pair  of 
rings  to  which  the  A  winding  is  connected. 


^'  mafh  I 


>v>v  3 


ntam  3 


/nam  g 


Pig.  103. 


Fip.  104. 


e^' 


fa 


The  armature  windings  A  and  B  just  described  are  of  the 
concentrated  or  uni-coil  type  (see  Art.  51),  having  only  one  slot 
per  pole  for  each  winding  (/.f^.,  per  phase).  Distributed  (multi- 
coil)  windings  also  are  frequently  used  for  two-phase  alternators. 
Thus,  Fig.  102  shows  an  end  view  of  a  portion  of  a  two-phase 
armature  with  its  A  and  B  windings 
each  distributed  in  two  slots  per  pole. 
The  coils  belonging  to  winding  A  are 
lightly  shaded,  and  those  belonging 
to  winding  B  are  darkly  shaded  in  the 
ticrure.  The  connections  between  the 
coils  of  the  A  winding  are  shown  in 
the  figure  by  the  full  lines,  while  the 
connections  of  the  B  winding  are 
shown  by  the  dotted  lines. 

Two-phase  alternators  are  usu- 
ally provided  with  two  sets  of  col- 
lector rings;  one  ring,  however,  may  be  made  to  serve  as  a  com- 
mon  connection  for  the  two  armature  windings,  as  shown  in  Fig. 
103.   The  lines  A  and  B  in  the  clock  diagram,  Fig.  104,  represent 
the  generator  electromotive  forces,  a  represents   the  current  in 
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main  1,  h  represents  the  current   in   main    '^J,  and  r  represents  the 
current  in  the  eonmion  main  'i\, 

46.  The  Three-Phase  Alternator.  Consider  three  similar 
single-phase  armatures  A,  I>,  and  C,  mounted  side  by  side  on  the 
same  shaft  and  revolved  in  the  same  iield,  each  armature  havinfif  as 
many  slots  as  there  are  field  poles.  Fix  the  attention  upon  a  cer- 
tain armature  slot  of  A,  and  let  time  be  reckoned  from  the  instant 

that  this  slot  is  squarely  under 
an  N-pole.  I^t  t  be  the  time 
which  elapses  as  this  armature 
slot  passes  from  the  center  of  one 
N-pole  to  the  center  of  the  next 
N-pole.  The  armature  B  is  to 
be  so  fixed  to  the  shaft  that  its 
slots  are  squarely  under  the  poles 
^  >^^^  ^        ii  at  the  instant  \i ;  and  the  arma- 

\rp^^^ — c4<\/  ^^        ture  C   is  to  be  so  fixed  that  its 
/^^5-JOtJfi^  slots  are  squarely  under  the  poles 

at  the  instant  ^^  While  a  slot 
])asses  from  the  center  of  one 
N-pole  to  the  center  of  the 
next  N-pole,  the  eleetroniotivo  force  passes  through  one  com- 
})lete  cycle.  Hence  the  eleetromotive  forces  given  by  three  arma- 
tures arraniTed  as  above,  will  bo  l*JO  apart  in  phase,  as  shown  in 
Fig.  105,  in  which  the  lines  A, 
H,  and  (/  represent  theres])ect- 
ive  electromotive  forces.  The 
currents  given  ])y  the  armatures 
to  three  similar  receiving  cir- 
cuits lag  equally  ])ehind  the  re- 
spective electromotive  forces, 
and  are  represented  ])y  the 
dotted  lines  //,  />,  and  o.  This 
combination  of  three  alterna- 
tors is  called  a  three-phase  alternator.  In  practice  the  three  dis- 
tinct windings  A,  J^,  and  C  are  ])laced  upon  one  and  the  same 
armature  body.  For  this  ])urpose  the  armature  body  has  three 
times  as  many  slots  as  A,  J^  or  C 


ri-X\ 
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Fig.  1(X>  shows  the  arrangement  of  the  slots  for  such  a  wind- 
ing.  The  slots  belonging  to  phase  A  arei* drawn  in  heavy  lines, 
and  are  marked  a^^  a^^  etc.  Tliose  belonging  to  phase  B  are  shown 
dotted,  and  those  l>elonging  to  phase  C  are  shown  in  light  lines. 
The  A  winding  would  j)as8  up  slot  /ij,  down  a^^  up  //g,  etc.,  the  B 
winding,  up  ij,  down  ho^  up  />►;„ 
etc. ;  and  similarly  for  winding  ( -. 

The  windings  A,  B,  and  C 
here  described  are  of  the  con- 
centrated type,  having  only  one 
slot  per  pole  for  each  winding. 
Distributed  windings  also  are 
frequently  used  for  three-phase 

alternators.  Thus  Fig.  107  shows  a  portion  of  a  three-phase  arma. 
ture  with  its  A,  B,  and  (/  windings  each  distributed  in  two  slots 
])er  pole.  The  coils  belonging  to  windings  A,  B,  and  C  respect- 
ively are  differently  shaded  to  distinguish  them.  The  manner  of 
connectinjr  the  coils  of  each  windintj  is  described  in  Art.  51. 

If  the  three  circuits  of  a  three-phase  alternator  are  to  be 
entirely  independent,  six  collector  rings  must  be  used,    two  for 


Fipr.  108. 


FIr.  109. 


Fi^.  110. 


each  winding;  however,  the  circuits  may  be  kept  practically 
independent  by  using  four  collector  rings  and  four  mains,  as 
shown  in  P'icr.  lOS.     The  main  4  serves  as  a  common  n^turn  wire 

n> 

for  the  independent  currents,  in  mains  1,  2,  and  8.  When  the 
three  receiving  circuits  are  e(pial  in  resistance  and  reactance  (that 
is,  when  the  system  is  balanced ),  the  three  currents  are  equal,  and 
are  120^  apart  in  phase  (each  current  lagging  behind  its  electromo- 
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tive  force  by  the  same  amount  as  the  others);  and  their  sum  is  at 
each  instant  equal  to  zero.  In  this  case,  main  4,  Fig.  108,  carries 
no  current;  and  this  main  and  the  corresponding  collector  ring 
may  Ije  di8j)en8ed  with,  the  three  windings  being  connected  together 
at  the]K)int  N,  called  the  common  junction  or  neutral  point.  This 
arrangement,  shown  in  the  symmetrical  diagram.  Fig.  109,  is  called 
the  "  Y  "  or  "star"  scheme  of  connecting  the  three  windings  A, 
B,  and  C. 

Another  scheme  for  connecting  the  three  windings  A,  B,  and 
C  (also  for  balanced  loads),  called  the  "A"  (delta)  or  "mesh" 
scheme,  is  illustrated  in  Fig.  110.  Winding  (or  phase)  A  is  con- 
nected between  rings  3  and  1;  winding  (or  phase)  B  between  rings 
1  and  2;  and  winding  (or  phase)  C  between  rings  2  and  3. 


Fig.  111.  Fig.  112. 

The  direction  in  a  circuit  in  which  the  electromotive  force  or 
current  is  considt^red  as  a  positive  electromotive  force  or  current, 
is  called  the  positive  direction  through  the  circuit.  This  direc- 
tion is  chosen  arbitrarily.  The  arrows  in  Figs.  109  and  110 
indicate  the  j)ositive  directions  in  the  mains  and  through  the 
windings.  It  must  l)e  remembered  that  these  arrows  represent  not 
the  actual  directions  of  the  electromotive  forces  or  currents  at  any 
given  instant,  but  merely  the  directions  of  poHltive  electromotive 
forces  or  currents.  Thus,  in  Fig.  109,  the  currents  are  con- 
sidered j)08itive  when  flowing  from  the  common  junction  towards 
the  collecting  rings,  and  the  currents  are  never  all  of  the  same  sign. 

47.  Electromotive  Force  and  Current  Relations  in  Y-Con- 
nected  Armatures.      Electrinnotivc  Force  Relations.     We  shall 
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eonsider  the  electromotive  force  between  mains  1  and  2,  Fig.  109, 
to  be  positive,  where  it  tends  to  push  current  through  a  receiving 
circuit  from  main  1  to  main  2.  Similarly,  the  electromotive  force 
between  mains  2  and  3  is  considered  positive,  from  main  2  to 
main  3;  and  the  electromotive  force  between  mains  1  and  3  is 
considered  positive,  from  main  3  to  main  1.  Passing  through  the 
windings  A  and  B  from  ring  2  to  ring  1,  Fig.  109  (which  is  the 
direction  in  which  an  electromotive  force  must  be  generated  to 
give  an  electromotive  force  acting  upon  a  receiving  circuit  from 
main  1  to  main  2),  the  winding  A  is  passed  through  in  the  posi- 
tive direction,  and  the  winding  B  in  the  neijativo  direction. 
Therefore  the  electromotive  force  from  main  1  to  main  2  is  A  - 
B.  Similarly  the  electromotive  force  from  main  2  to  main  3  is 
is  B  -  C,  and  the  electromotive  force  from  main  3  to  main  1  is 
C  -  A.  These  differences  are  shown  yi  the  clock  diagram.  Fig. 
111.  The  electromotive  force  between  mains  1  and  2  (namely, 
A  -  B)  is  30q  behind  A  in  phase,  and  its  effective  value  is  2E  cos 
30^  =  V  3  E,  where  E  is  the  common  value  of  each  of  the  electro- 
motive forces  A,  B,  and  i).  Similar  statements  hold  concerning 
the  electromotive  forces  between  mains  2  and  3,  and  those 
between  mains  3  and  1.  Hence  the  electromotive  force  between 
any  pair  of  mains  leading  from  a  three-phase  alternator  with  a 
Y-connected  armature  is  equal  to  the  electromotive  force  generated 
per  phase  multiplied  by  V    3. 

Civrretit  lielMlons,  In  the  Y  connection  the  currents  in  the 
mains  are  equal  to  the  currents  in  the  respective  windings,  as  is 
evident  from  Fig.  109. 

48.  Electromotive  Force  and  Current  Relations  in  A-Con- 
nected  Armatures.  Elei'tromittivG  Forea  liclatvniH.  In  A-con- 
nected  armatures  the  electromotive  forces  between  the  mains  or 
collector  rings  are  equal  to  the  electromotive  forces  of  the  respec- 
tive windings,  as  is  evident  from  Fig.  110. 

Current  Relations.  Referring  to  Fig.  110  we  see  that  a 
positive  current  in  winding  A  j)roduces  a  positive  current  in 
main  1,  and  that  a  negative  current  in  winding  B  produces  a  posi- 
tive current  in  main  1;  therefore  the  current  in  main  l\s  a  -  />, 
where  a  is  the  current  in  winding  A,  and  h  is  the  current  in  wind- 
ing B.     Similarly,  the  current  in  main  2  is  J  -  c?,  and  the  current 
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in  main  3  \s  c  ~  a.  These  differences  are  shown  in  Fig.  112. 
The  current  in  main  1  (namely  a  -h)  is  30^  behind  a  in  phase; 
and  its  effective  value  is  1^3  I,  where  I  is  the  common  effective 
value  of  the  currents,  a,  J,  c  in  the  different  phases.  Similar 
statements  hold  for  the  currents  in  mains  2  and  3;  so  that  the 
current  in  each  main  from  a  A-connected  armature  is  i/  3  times 
the  current  in  each  winding. 

49.  Connection  of  Receiving  Circuits  to  Three-Phase  Mains. 
Dimimila?'  ClrcvitH  (^Unhahr need  System),  When  the  receiving 
circuits  which  take  current  from  three-phase  mains  are  dis- 
similar, four  mains  should  be  employed,  as  indicated  in  Fig. 
108;  each  receiving  circuit  being  connected  from  main  4  to 
one  of  the  other  mains.  It  is,  however,  desirable  to  keep  the 
three  windings    A,  B,    and  C    of    the  alternator  nearly   equally 


matn  I  ineun   \ 


Fig.  113.  Fig.  114. 

loaded;  and  in  practice  the  receiving  circuits  are  so  disposed  as 
to  satisfy  this  condition  as  nearly  as  possible. 

Sim/hir  (^ircults  {^/hrlfnicrd  Sy''<f*'in).  When  three-phase 
currents  are  used  to  drive  induction  motors,  synchronous  motors, 
or  rotary  converters,  each  one  of  these  machines  takes  current 
ecjually  from  the  three  mains;  and  since  three-phase  currents  are 
utilized  chiefly  in  tlie  operation  of  the  machines  mentioned,  the 
system  is  usually  balanced.  In  this  case  three  mains  only  are 
employed,  and  each  receiving  unit  has  three  similar  receiving  cir- 
cuits connected  to  the  mains  accordincr  to  either  Y  or  A  method. 
The  V  method  of  connectint;  receivinrr  circuits  is  shown  in  Ficr. 
1 13.  ( )n(^  terminal  of  each  rcceiv  incr  circuit  is  connected  to  a  main, 
and  the  other  terminals  are  connected  totrether  at  the  neutral 
point  N.  In  this  case  the  current  in  each  receiving  circuit  is 
equal  to  the  current  in  the  main  to  which  it  is  connected.  The 
electromotive  force  between  the  terminals  of  each  receiving  circuit 
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E  _ 

"as  equal  to  — ^ ,  where  E  is  the  electromotive   force   bet\v(»en  any 

]pair  of  niainp. 

The  A  method  of  connecting  receiving  circuits  is  shown  in 
Tig.  114.  Uere  the  three  receiving  circuits  are  connected  between 
the  respective  pairs  of  mains;  the  electromotive  force  acting  on 
«ach  receiving  circuit  is  the  electromotive  force  between  the  mains; 

and  the  current  in  each  receiving  circuit   is  — =.- ,    where  I  is  the 

current  in  each  main. 

Examplif<,  1.  The  three  windings  or  phases  of  a  three- 
phase  induction  motor  are  Y -connected  to  three-phase  mains.  The 
voltage  between  mains  is  500,  and  each  main  delivers  25  amperes 
to  the  motor.  It  is  required  to  find  the  current  in  each  ])hase 
of  the  motor,  and  the  electromotive  force  acting  on  each  phase  of 
the  motor. 

Since  the  windings  are  Y-connected,  the  current  in  each  is 
the  same  as  the  current  in  each  main — namely,  25  amperes;  and 
the  electromotive  force  acting  on  each  phase  of  the  motor  winding 

is  —  ^,  or  288.7  volts. 
V'6 

2.  The  three  phases  of  the  above  three- j)hase  induction  motor 
are  A-connected  to  three-phase  mains.  The  voltage  between  mains 
in  288.7,  and  the  current  in  each  main  is  43.8  amperes.  It  is 
required  to  find  the  current  in  each  ])hase  of  the  motor,  and  the 
electromotive  force  acting  on  each  phase  of  the  motor. 

Since  the  windings  are  A-connected,  the  electromotive  force 
acting  on  each  phase  is  the  same  as  the  voltage  between  the  mains 
— namely,  288.7  volts;  and  current  in  each  phase  of  the  motor  is 

43.3        ^^ 

— ~   or  25  amperes. 

ra  ^ 

Summary  of  Electromotive  Force  and  Current  Relations  for 
A  and  Y  Connections  in  Three-Phase  Systems.  Let  ]\^.  be  the 
rated  electromotive  force  of  each  winding,  and  I^^  thc^  rated  full- 
load  current  output  of  each  jJiase  of  th(»  winding  of  a  three-phase 
alternator.    Then,  for  a  generator  with  non-inductive  load,  we  have: 
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E.M.F.  Between  Current  in  Each 

Mains.  )  Main. 


A  connection Ew  ]    3  !« 

I 

I 
Y  connection )    3  E*  K 


Power  Rating. 
I    3  Ew  Iw 


Let  E  be  tbo  eleetroinotivo  force  between  mains  of  a  thre\' 
phase  system,  and  let  I  l>e  the  current  in  each  main.     Then,  fo: 


three  receivin<j  circuits,  we  have: 


E.M.F.  Betweon  Terminals  of,   Current  in  Each  Receiving* 
Each  Recoivinsr  Circuit.  Circuit. 


A  connection £ 


I   3 


Y  connection — '*  -  t 

I    3  •         ^ 


The  permissible  power  output  or  rating  of  a  three-phase 
alternator  is  the  same  whether  its  armature  windings  are  Y-con- 
nected  or  A-connecte<l. 

The  power  output  of  a  three-phase  generator  is  V  3  X  electro- 
motive force  hctioctii    mains  X  currriit  hi  <nie  main  X  power 

factor  of  the  rcCvlvnuj  circuits. 

50.     Measurement  of    Power  in    Polyphase  Systems.      In 

alternating  current  circuits,  power  cannot  in  general  be  measured 
by  means  of  an  ammeter  and  a  voltmeter,  as  in  the  case  of  direct 
current,  because  the  power  exj>ended  is  generally  less  than  the 
product  of  effective  electromotive  force  and  effective  current  on 
account  of  the  difference  in  phase  between  the  electromotive  force 
and  the  current. 

A  well-desiffn(»d  wattmeter  is  the  standard  instrument  for 
measurintr  power  in  alternatinix. current  circuits,  and  the  methods 
involving  its  use  are  the  most  generally  satisfactory. 

The  discussion  of  the  wattmeter  given  in  Arts.  36  and  37 
applies  primarily  to  the  use  of  the  wattmeter  for  the  measure- 
ment of  |>ower  delivered  in  single-phase  systems. 

The  several  circuits  of  a  polyphase  system  are  often  entirely 
separate  and  independent;  and  in  such  cases  the  total  power 
delivered  to  a  nM'eiving  aj)paratus  is  found  by  measuring  the 
power  delivered    to  i*ach    separate    receiving   circuit.     The    total 
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power  delivered  is  the  sum  of  the  amoauta  delivered  to  the  differ- 
ent  receiving  circuits. 

In  order  to  measure  the  power  delivered  to  one  of  the  receiv- 
ing  circuits  of  a  polyphase  system,  the  current  coil  of  the  watt- 
meter is  to  be  connected  in  Hertes  with  this  receiving  circuit,  and 
the  pressure  (or  voltage)  coil  of  the  wattmeter  is  to  be  connected 
between  the  tenainah  of  this  receiving  circuit.  In  some  cases 
this  connection  of  t  he  voltage  coil  cannot  be  made,  because  one  ter- 
minal  of  the  receiving  circuit  may  be  out  of  reach  in  the  interior 
of  the  apparatus. 

Balanced  Systems.  In  general,  the  several  circuits  which 
receive  current  and  poWer  from  polyphase  mains  are  more  or  less 
unlike  in  both  resistance  and  reactance,  and  take  different  amounts 
of  current  and  power  from  the  mains.  It  is,  however,  desirable 
that  the  several  receiving  circuits  be  alike,  so  that  they  may  take 
equal  currents  and  equal  amounts  of  power  from  the  mains.  When 
this  condition  is  realized,  the  system  is  said  to  be  balanced. 


I 


Phame  A  j  receiving  c/rcu/f  A 

rectiviny  c/rcuif    B 


Fig.  115. 

• 

Examples.  When  independent  groups  of  lamps  are  supplied 
from  polyphase  mains,  each  group  taking  current  directly  or 
through  a  transformer  from  one  phase  of  the  polyphase  system, 
the  system  is  said  to  be  unbalanced  when  the  number  of  lamps  is 
not  the  same  in  the  several  groups.  In  general,  the  supply  of 
power  to  several  separate,  independent,  and  unrelated  nx'eiviiig 
circuits,  such  as  independent  groups  of  lamps  and  single-phase 
motors,  leads  to  the  unbalancing  of  a  polyphase  system.  Appara- 
tus such  as  polyphase  induction  motors,  synchronous  motors,  and 
rotary  converters,  which  is  especially  designed  to  take  power  from 
polyphase  mains,  is  always  provided  with  two  or  three  similar 
receiving  circuits  so  as  to  take  equal  amounts  of  current  and 
power  from   each  phase  of   the  system.     When   such  polyphase 
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apparatus,  only,  takes  jx)wer  from  polyphase  mains,  the  system  is 
always  very  nearly  balanced. 

If  a  polyphase  system  were  exactly  balanced  it  would  l)e 
sufficient  to  measure  the  |)Ower  delivered  by  one  phase  only;  but 
since  a  balanced  condition  of  system  is  seldom  exactly  realized  in 
practice,  there  may  l>e  considerable  error  introduced  by  assuininir 
that  a  system  is  balanced,  and  by  calculating  the  total  ])ower 
from  the  wattnieter  reading  of  power  delivered  by  one  phase  oiiK-. 

In  balanced  or  apj)roximately  balanced   ])olyphase  systems 
the  measurement  of  j)Ower  by  use  of  a  single  wattmeter  is  lK»st 
accomplished  by  special  arrangement  of  connections  as  follows: 

Balanced  Thnt-  Wire  Ttrtt-Phane  SyMtt-mH,  The  current 
coil  of  the  wattmeter  should  be  connected  in  the  middle  main  as 
shown  in  Fig.  115.     After  a  reading  is   taken  with  the  prt»ssure 

main  l 


ma/n  3 


\N 


vflQgflmt^ 


ma/n    2 


Fig.  116. 

coil  connected  between  middle  and  lower  mains,  this  count*ction  is 
quickly  changed  to  the  up[)er  main,  as  indicated  by  the  dotted 
line,  and  the  wattmeter  again  read.  The  sum  of  the  two  successive 
readings  gives  the  total  power.  If  this  method  is  used,  the  sys- 
tem should  not  only  be  balanced,  but  no  change  in  the  load  should 
occur  between  readintrs. 

Example.  The  power  taken  byu  two-phase  induction  motoi 
is  measured  by  a  wattmeter  connected  as  shown  in  Fiff.  115 
When  the  wattmeter  is  connected  as  shown  by  the  full  line  in  the 
figure,  it  reads  1),1>00  watts.  When  the  wattmeter  is  connected 
as  shown  by  the  dotted  line,  it  reads  l,4ir)  watts.  The  total  of 
watts  delivered  is  therefore  11,)U5  v.atts,  thc^  two  phases  of  the 
motor  being  assumed   to  be  balancjd.      Kach  phase  of  the  motor 

11,315 

receives  therefore        -.    -  =  0,^)57  watts.     The  current  delivered 
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to  each   phase,  as  ineasureil  by  an   alternatincr  current  ammeter 
is  82.14  amperes;  and  the  ele<'tromotive  force  acting  on  each  phase 
of  the  motor,  that  is,  In^tween  the  terminals  of  each  receiving  cir- 

currenf  ca// 


Phase  A 


^     to  had' 


fo  siJpp/y  ma/ns 


Phase   B 


tnam  i 


Phase    A 


ma/n    3 


Phase  B 


rnp/n    2 


fo  /pact- 
vo/faae  coi/ 


UqqqqO/Jv^ 

current  co/f 

Y\%,  117. 

current  co// 


vofta^  coit 


to  had 


common  return 


to  had 


vo/tage  co// 

'lUWVWAv . 


current  coT/ 

Fig.  118. 

cuit,  is  220  volts.  The  apparent  power  (volt-amjKjres)  delivered 
toeach  phase,  is  220  volts  X  32.14am j)ere8  ^=  7,071  apparent  watts; 
and  the  power  factor  of  each  receiving  circuit  is 

5,657  watts 


7,071  apparent  watts 


,  or  0.80. 
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The  two  readings  of  a  wattmeter  connected,  as  shown  in  Fig.  115,  arc 
unequal,  even  though  the  receiving  circuits  are  balanced,  because  of  the  effect 
of  lagging  currents;  or,  in  other  words,  because  the  two  receiving  circuits  are 
inductive. 

It  is  to  be  carefully  not«d  that,  in  general,  neither  reading  of  the  watt- 
meter measures  the  power  delivered  to  either  one  of  the  receiving  circuits. 

Balanced  Three-Wire  Three- Phase  Systems.  The  current 
coil  of  the  wattmeter  should  be  connected  in  series  with  one  (any 
one)  of  the  three  mains,  as  shown  in  Fig.  116.  After  one  reading 
of  the  wattmeter  is  taken  with  the  voltage  coil  connected  to  main 
2,  as  indicated  by  the  full  line,  the  connection  is  quickly  changed 
to  main  1,  as  indicated  by  the  dotted  line,  and  a  second  reading  of 

OTHTOSW, 
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Fig.  119. 


the  wattmeter  taken.  The  total  power  delivered  to  the  three 
similar  (that  is,  balanced)  phases,  is  equal  to  the  sum  of  the  two 
readings. 

Unbalanced  Two-Phase  Systems.  In  general,  any  receiving 
apparatus  is  sufficiently  unbalanced  to  require  the  measurement  of 
power  to  be  made  on  the  assumption  that  the  receiving  circuits 
are  unbalanced. 

Fiiur-  Wtre  Ttro- Phase,  When  four  mains  are  used,  two  for 
each  separate  phase,  then  two  wattmeters  are  required,  one  for 
measuring  the  power  delivered  by   each  phase.     Each   of   these 
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wattmeters  is  connected  exactly  as  in  the  case  of  einglephase 
delivery  of  power,  as  shown  in  Fig.  117.  The  sum  of  the  readings 
Wi  +  Wg  of  the  two  wattmeters  gives  the  total  power  delivered. 
Two  readings  shonld,  of  conrse,  be  taken  as  nearly  simultaneously 
as  possible. 

Three-Wire  Two-Phase.  When  a  two-phase  system  is 
balanced  or  unbalanced  and  has  three  supply  mains,  one  main 
acting  as  the  common  return  for  the  other  two,  then  the  arrange- 
ment shown  in  Fig.  118  gives  the  best  results.  The  total  power 
delivered  to  the  receiving  circuit  is  the  sum  W^  +  Wg  of  the  read- 
ings of  the  two  wattmeters.  The  readings  should  be  taken  as 
nearly  simultaneously  as  possible. 


rr^a/n   I 


mam 


ma/n     2 


Fij?.  120. 

Unbalanced  Three-Phase  Systems.  Six-  Wire  Three- Phase. 
When  six  mains  are  used,  two  for  each  separate  phase,  then  throe 
wattmeters  are  required,  one  for  measuring  the  power  delivered 
by  each  phase.  Each  of  these  wattmeters  is  connected  exactly  as 
in  the  case  of  single-phase  delivery  of  power,  as  sliov.n  in  Fig.  119. 

In  practice,  six  wires  are  never  used  for  three-phase  systems 
on  account  of  complications  and  the  excessive  amount  of  copper 
required. 

Three-Wire  Three-Phase.  When  three  mains  are  used  in  a 
three-phase  system,  two  wattmeters  are  sufficient  for  the  complete 
measurement  of  the  power  delivered  to  any  three-phase  receiving 
unit,  whether  the  receiving  circuit  is  balanced  or  unbalanced,  or 
whether  it  is  connected  Y  or  A. 

Fig.  120  shows  two  wattmeters  connected  for  measuring  the 
power  delivered  to  a  A-connected  three-phase  receiving  system. 
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The  alfTehraic  sum  of  the  readings  of  lht»  two  wattmeters  gives  the 
total  [K>wer  deiivertMl  indejK-Mident  of  balance  or  lag.  AVhen  the 
current  lap  in  tlie  eircuit  is  less  than  <H)  (/.<.,  when  the  power 
factor  is  jrreater  than  0.5 1,  then  the  arithmetical  sum  of  the  read- 
ings of  the  two  wattmeters  gives  the  total  power.  But  if  the  lag 
is  greater  than  00  (the  power  factor  less  than  0.5\  the  relation  of 
the  currents  in  the  current  and  jiressure  coils  of  one  of  the  watt- 
meters causes  it  to  give  a  negative  reading;  hence  the  arithmetical 
dlff^mut'  of  tlu»  readings  of  the  two  instruments  gives  the  power. 

There  may  Ix?  a  difficulty  in  determining  which  condition 
exists  in  some  cases,  especially  when  the  power  delivered  to  par- 
tially loaded  induction  motors  whose  power  factor  is  low,  is  to  be 
measured.  In  such  cases  one  may  determine  whether  the  sum  or 
difference  of  readings  is  to  bt»  taken,  by  interchanging  the  position 
of  the  instruments  without  changing  the  relative  connections  of 
their  current  and  pressure  coils.  If  the  deflections  of  both 
[X)inters  are  now  reversed,  the  difference  of  the  original  readings 
gives  the  true  j)Ower.  But  if  the  deflections  are  in  the  same  direction 
as  l)efore,  the  sum  of  the  original  deflec*tions  is  the  correct  power. 

Proof  of  Mkthoi).  Let  the  {)0sitive  direction  in  the  mains  1 
and  2  an<l  in  the  three  receiving  circuits  be  cLosen  as  indicated  by 
the  arrows  in  Fig.  120.  These  directions  are  chosen  symmetric- 
ally with  res|>ect  to  the  two  wattmeters.  Let  the  instantaneous 
currents  in  the  receivincr  circuits  be  /',  /*",  and  /'",  as  shown  in  the 
fitfure.  Let  rr  be  the  instantaneous  current  in  main  1,  and  let  h 
be  the  instantaneous  current  in  main  2.  Then,  from  the  arbitrarj' 
choice  of  sitrus, 

«  =  /'  +  /'"; 

h  -—    I     -I     . 

The  reading  W  of  the  upper  wattmeter  is  equal  to  the  average 
value  of  the  })roduct  of  the  current  ^r,  which  flows  through  thecur- 
rent  coil  of  the  instrument,  and  the  electromotive  force  e\  which 
is  acting  upon  the  pressure  coil  of  the  wattmeter.     That  is, 

W  -   average  [(w'). 

Similarly,  the  reading  W"  of  the  lower  wattmeter  gives: 

W  =  average  {fn''). 
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Substituting  the  above  values  of  a  and  h  in  tht^  expressionB  for 
W  and  W ,  jukI  adding  resultK,  we  Lave: 

W-1- W  --  average  (c  /')  +  averatre  (r"  /")  +  average  (r'  -  < " j  /'". 

But,  from  the  ligure,  v'  -  v"    -  r/";  hence 

W  +  W"  =  average  (r'  /')  +  average  (c"  i")  -f-  average  (r'"  r"). 

Although  a  formal  proof  of  the  principle  of  the  two- watt- 
meter method  has  not  been  given  for  a  Y-connected  circuit,  it  is  not 
necessary  to  show  independently  that  it  holds  for  both  cases.  A 
little  consideration  will  show  that  if  the  electromotive  forces  acting 
between  the  three  wires,  the  currents  flowing  in  them,  and  their 
phase  relations  are  given,  there  is  then  a  perfectly  definite  amount 
of  power  transmitted  along  the  three  lines,  and  it  is  quite  immaterial 
whether  this  power  is  being  delivered  to  circuits  connected  A  or  Y. 

ARMATURE  WINDINGS. 

51.  In  general,  any  direct-current  armature  winding  may  be 
used  for  the  armature  of  an  alternator;  but  the  desirability  of 
generating  comparatively  Uigh  voltages  in*  the  armature  so  as  to 
avoid  the  use  of  step-uj)  transformers,  makes  it  necessary  to  aban- 
don the  styles  of  winding  best  suited  to  direct-current  machines, 
and  to  use  windings  specially  adapted  to  the  conditions  of  alternat- 
ing-current practice. 

Comparing  the  armature  windings  used  for  direct-current 
machines  wnth  those  for  alternators,  we  find,  first,  that  all  the 
re-entrant  (or  closed-coil)  direct-current  windings  must  necessarily 
be  two-circuit  or  multiple-circuit  windings.  That  is,  they  must 
have  at  least  two  juiths  in  parallel  through  the  armature  between 
brushes.  On  the  other  hand,  the  armatun»s  of  alternators  (and 
synchronous  motors)  may,  and  generally  do,  from  practical  consid- 
erations, have  one-circuit  windings,  /.<.,  windings  having  one  cir- 
cuit per  phase.  It  follow.3  therefore  that  any  direct-current 
winding  may  be  used  for  alternating-current  machines;  but  the 
converse  statement,  that  any  alternating-current  winding  may  be 
used  for  direct-current  machines,  is  not  true  in  general.  In  other 
words,  the  windings  of  alternating-current  armatures  are  essentially 
non-reentrant  (or  open-circuit)   windings.      The   only  exceptions 
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are  the  A-oonnecteil  ior  iiie>h-*-onntvted  »  jMilypha^^  wimlin^^  an         ^ 
the  short-eireuilt^l  \v;rniin::s  of  ••^4juirrt*l-cai:e ''  iDiiaction  motorfe==^^* 
liOth  of  which   are  rrenlmnl   ior  closed -circuity   windings.     Th^  -^^ 
A-connectt-*l  j«»]y[»hase  wimlin^s  are.  thi-rvfure,  the  only  windingac 
that  can  h»e  used  for  the  arinatures  of  rotary  converters  i  machines 
for  converting  altematinij  to  direct  current  or  r«Vv  tft  r^ai  deecribecLJ^'  ^ 
later ». 

In  the  tvfie  of  windincj  generally  employed  for  alternators,  t^^  * 
number  of  distinct  cuils  are  arrau^jed  on  the  annature,  in  thecal ^3Be 
coiU,  alternating  electromotive  forces  are  induced  as  thej  pass  thcEr^^^^ 
lield  magnet  poles,  and  the  several  coils  arv  connected  in  series^^-^^^ 
between  the  collectinjr  rinirs. 

Armatures  for  alternators,  just  as  in  the  case  of  direct -currents'  m:^^ 
machines,  mav  be  divided  into: 

m 

1.  l^nim  Amiai  lines. 

2.  RiiiC  AnuAiuiv:?. 

3.  ni<i.*  AmiatuTv*. 

Of  these  the  ring  and  the  disi.'  aemattres  are  seldom  used  in  America 
aJtbotudi  they  are  to  some  extent  adopted  in  European  practice. 

The  ring  and  th#  disc  ty{»es  of  armature  are  mechanically 
less  stable  than  the  drum  tyjv;  and  the  ring  armature,  moreover, 
other  things  beincj  equal,  re»juirfS  more  wire  to  be  wound  upon  it 
for  a  given  output  than  in  the  c:ise  of  the  drum  armature,  and 
jiossesses,  therefore,  a  greater  iudiK-timce  than  the  latter  type.  Drum 
armatures,  whether  the  alternators  are  of  the  revolving  or  station- 
ary armature  type,  have  laminateil  iron  cores  similar  in  construc- 
tion to  the  armature  cores  for  direi-t -current  machines.  Disc 
armatures,  on  the  other  hand,  are  usually  made  up  without  iron, 
thus  introducincr  constructional  ditficulties. 

With  reference  to  the  construction  of  their  cores,  the  arma- 
tures  of  alternators  may  be  classitied,  as  in  the  case  of  direct- 
current  machines,  into: 

1.     Smooth-core  Annatures. 
*2.     TiK>i!ie\i-iv»rt*  Arinatunt?s, 

1.  In  the  smooth-core  armature  the  conductors^  arraoged  in 
tlat  coils,  lie  on  the  surface  of  the  armaturt*  core,  and  the  coils  in 
some  cast-3  are  bent  down  ovt* r  tl»e  ends  of  the  core,  where  they  are 
fastened  by  end  plates  or  by  blocks  of  wood  or  liber.     The  spaoee 
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in  the  centers  of  the  coils  are  tilliMl  witli  wooden  blocks  either 
screwed  to  the  cores  or  hel<l  in  place  by  the  bindinir  wires.  In 
other  cases  the  coils  are  flat  or  "pan-cake"  shaped,  and  of  the 
same  length  as  the  armature  core.  In  the  latter  case  they  are 
laid  iij)on  the  cylindrical  surface  of  the  armature  core,  and  are 
securely  bound  with  wire  bands. 

The  form  of  the  wave  of   electromotive  force    produced  by 
smooth-core  armatures  is  very  nearly  harmonic 
(sinusoidal)  or  slightly  flat- topped.     The  induct-     <^  ri  ri  r^  j^ 
ance  of  a  smooth-core  (or  surface-wound)  arma-      \  ^        ^  U  I 
ture  is  considerably  less  than  that  of  a  toothed - 
core  armature.     Although  much  used  in  earlier 
designs,  the  smooth-core  armatures  have,  owing  pjg  3^21. 

largely  to  their  comparatively  weak  mechanical 
structure,  been  superseded  in  modern  })ractice  by  the  toothed-core 
constructions. 

2.  One  or  another  of  the  forms  of  toothed-core  armature 
is  now  almost  universally  used  in  practice.  The  conductors  are 
laid  in  slots  (or  grooves)  the  sides  and  bottom  of  which  are  first 
carefully  insulated  by  troughs  of  mica-canvas,  micanite,  or  other 
suitable  insulating  material.  The  insulated  conductors  (cotton 
covered)  are  generally  wound  into  coils  on  "formers,"  each  coil 
being  carefully  taped,  and  are  then  impregnated  with  insulating 
compound  (or  varnish).  The  coils  are  then  thoroughly  dried  by 
baking  in  ovens. 

The  conductors  being  enclosed  in  slots  between  teeth  which 

project  more  or  less  over  the  conductors,   the 

O     tooth-core  type  is  often  called  iron-clad.     This 
construction  has  three  great  advantages  over  the 
smooth-core  type: 
(a)     It  allows  the  length  of  air-gap  from  iron  of 
Fig.  122.  pole-face  to  iron  of  armature  core  to   be  reduced  to  a 

minimum;  just  enough  for  mechanical  clearance.  Other 
things  being  equal,  this  means  a  saving  in  the  copper  required  to  magnetize 
the  field. 

(6)     It  protects  the  embedded  conductors  from  injury, 
(c)     It  affords  an  admirable  way  of  supporting  and  securing  the  con- 
ductors firmly  in  place  against  tlie  action  of  centrifugal  force;  and,  further,  it 
shields  the  conductors  almost  completely  from  llie  racking  action  of  the  magnetic 
drag  due  to  the  magnetic  field. 
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The  nhapo  and  number  of  tho  slots  in  a  toothed  armature  core 
have  a  inarked  effect  on  the  shape  of  the  electromotive  force  wave, 
and  u^tim  tho  regulation  of  the  alternator. 

Fig.  1:31  shows  a  portion  of  an  armature-core  disc  or  stamp- 
iu(f  for  a  12- pole,  uni-tooth  (one  slot  per  pole  })er  phase),  three- 
phaxfe  alternator.  The  armature  winding  adapted  to  this  uni-tooth 
cjin*  is,  of  course,  the  uni-coil  or  concentrated  winding.  The 
armature  coils  are  heW  in  place  in  the  slots  by  wedges  of  wood  or 
liljer  driven  in  from  the  end  of  the  core  and  fittintj  into  notches 
near  the  tops  of  the  teeth,  as  shown  in  the  figure.  This  construc- 
tion, now  almost  universally  adopted  by  manufacturers,  avoids  the 
necessity  for  any  binding  wire  on  the  armature  core. 

Alteriuitors  with  uni-tooth  armature  cores  are  characterized 
by  large  armature  inductance  and  by  peaked-wave  shapes  of 
the  induced  electromotive  forces;  also  by  marked  variations  in  the 
Hhaj>e  of  the  wave  of  induced  electromotive  force,  according  to  the 
magnitude  and  ]K)wer  factor  of  the  load. 

On  account  of  their  comparatively  large  inductance,  nni-tooth 
armature  constructions  require  relatively  large  increase  in  the 
field-exciting  current  in  passing  from  no  load  to  full  load.  In 
other  words,  regulation  is  poorer  than  for  multi-tooth  armature 
cores. 

According  to  present  practice  in  design,  the  great  majority  of 
alternators  are  constructed  with  armature-core  stampings  having 
two  or  three  slots  j)er  pole  per  phase.  Fig.  122  shows  a  portion  of 
an  armature-core  stamping  for  a  12-pole,  three-phase  alternator. 
It  has  three  slots  ])er  pole  per  phase.  The  slots  are  open,  which, 
together  with  the  distributed  (multi-coil)  type  of  w^inding,  resnits 
in  a  low  armature  inductance.  This  means  that  a  relatively  small 
increase  in  the  field-exciting  current  is  required  in  passing  from 
no  load  to  full  load  output. 

Alternators  with  multi-tooth  armature  cores  are  especially 
adapted  for  long-distance  transmission  where  step-up  trans- 
formers are  used.  The  rotjulation  is  better  than  with  the  uni- 
tooth  core  construction;  and  the  wave  shape  of  the  electromotive 
force  generated  by  the  distributed  winding  approaches  a  sine 
wave,  which  is  the  best  wave  shape  for  the  long-distance  transmis- 
sion of  power.     This  is  because  of  the  fact  that  the  nearer  a  given 
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[  ■cmre  of  electromotive  force  approaches  a  sine  onrve,  the  less  the 
1  likeliliood  oF  a  <liingiTOua  rise  of  vtiltage  (resocanoe)  owurring  at 
I  ibe  distant  ejitKof  a  loug  transniission  line  iiecatiBe  of  the  capacity 
(con denser  I  etfii-l- 

With  refereuce  to  the  progresH  of  iLe  winding  from  slot  to 


Fig.  12,1. 

slot,  ariiialnre  windings  may  !«•  divided  into: 

1.  SjMral  or  lUiig  Wiiidiiifta. 

2.  Lap  WindingB. 

3.  Wiiva  WiiiditigB. 


i]i|ili«l  (o  Ihe  bindings  of  dircfl-ciirrfiLf  inarhiiii'a 
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With  referenoti  to  Uie  disposition  of  the  coils  arouod  the  peri|J 
wy  of  the  t-ore,  wo  have  lo  distint'iiisli  Vetwet- »  two  general  c^lasM 

I      I'oiiirutrnieU  or  Uiii-coil  Wmdiiigs. 

'  ■•.     I':*-iril.iitr,I  ui  ,\Kilii-coi!  Wiiidttiga. 


Cunccnt rated  or  uni-cojl  M/indiiigs,  im  tij.-  n»tii<-  iuipli« 
fODBist  of  OIK-  ci'il  [jer  ]ioIt'  i»tr  i>h»sf.  Tlie  uriimturu  condiu 
are  tbtiB  prfiUftwi  in  luiinlltt.  and  usually  placed  in  ittotB,  t 
being  mil*  wlol  pc-r  jmlp  for  nadi  ]ihnHt!. 
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2.     Distributed   or   multi-coil  windings   consist   of  several 

coils  jier  pole  per  phase.     Tlie  armature  conductors  are  distributed 

in  two  or  more  slots  jht  pole  jht  phase- 
Examples  of  concenlratoci  wiiidiiigH  arc  shown  in  Figs.  1  (Part  I.)  and 

85,  in  which  the  armature  conductors  arc  sliown  as  lying  in  one  slot  ]k.t  \\o\p. 

Fig.  1  shows  adjacent  sides  of  two  dilTurcnt  armature  coils  lying  in  one  slot. 

In  some  cases,  each  slot  is  filU'd  hy  one  side  of  a  single  amiat  urc  coil. 

Examples  of  distrilmtoil  windings  an'  shown   in   Figs.   102   and  107. 

Fig.  102  shows  an  end  >iew  of  a  two-phase  v^indiiig  dis(ri])ut<Hl  in  two  slots  per 

pole  per  phase.     Fig.  107  shows  an  end  view  of  a  three-phase  winding  <listr.*b- 

uted  in  two  slots  per  pole  per  phase. 

Concentrated  windings  are  less  ex])enBive  to  make;  and  f  hoy 
give  a  greater  effective  electromotive  force  (at  zero  load)  ft)r  a 
given  number  of  conductors,  othc>r  things  being  equal,  than  dis- 
tributed windings.  This  is  on  account  of  the  fact  that  all  thi^ 
conductors  of  a  concentrated  winding  cut  the  field  ilux  Biniultant'- 
ously,  while  the  various  conductors  of  a  distributed  winding  do 
not  cut  the  field  flux  simultaneously. 

Concentrated  windings  have  greater  inductance  than  distrib- 
uted windings  for  the  same  total  number  of  conductors,  and  also 
give  a  greater  armature  reaction  for  a  given  current  tlian  distrib- 
uted windings.  Consequently  the  terminal  ehrtromotive  force 
of  an  alternator  falls  off  more  with  concentrated  windincra  than 
with  distributed  windings,  when  the  current  output  is  increased. 
Therefore  an  alternator  with  a  concentrated  winding  has  poorer 
regulation  than  an  alternator  wuth  a  distributed  winding;  and 
although  a  concentrated  winding  may  give  a  higlier  elt'Ctromotive 
force  at  zero  load,  it  may  actually  giv<*  a  lower  electromotive  force 
at  full  load. 

According  to  thti  form  of  thecondnetors  used,  armatnn*  wind- 
ings may  be  divided  into  thret'  elasses,  as  follows: 

1.  Wire  Winding. 

2.  Strap  Winding. 
•                              3.    IJar  Winding. 

1.  Wire  Winding,  which  is  usually  employed  in  high-volt- 
age machines  of  low-current  out])ut,  consists  of  machine-wound 
coils,  which  are  entirely  formed  and  insulated  before  being  jilaeed 
in  the  armature  slots. 
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2.  Strap  Winding  is  used  for  machines  of  lower  voltage  and 
of  greater  current  output,  and  it  consists  of  copper  strap  forged 
into  the  re<|uired  shape  and  carefully  insulated. 

•  Both  the  wire  and  strap  windings  are  placed  in  the  slots  without  any 
mechanical  bending,  thus  preventing  damage  to  the  insulation.  In  armature 
cores  having  the  slots  partially  closed,  the  winding  is  slipped  in  from  the  end; 
but  in  cores  having  open  slots,  wedges  of  hard  fibre  secure  the  coils  in  place. 
Fig.  123  is  an  illustration  of  strap  winding  distributed  in  four  slots  per 
pole  per  phase.  The  completed  armature,  ready  for  direct  connection  to  a 
steam  engine,  is  shown  in  the  figure,  and  is  intended  to  revolve  inside  of  a 
stationary  field  magnet.  The  four  collector  rings  indicate  that  the  armature 
is  wound  for  two  phases.    It  is  manufactured  by  the  Westinghouse  Company. 

3.  Bar  Windings  are  held  in  place  by  the  overhanging  tips 
of  the  teeth.  The  bars,  after  being  carefully  insulated,  are  slipped 
into  the  slots  from  one  end  of  the  armature.  The  end  connections 
of  the  bar  winding  are  bolted  and  soldered  to  the  bars  after  the 
conductors  are  in  place. 

Bar  windings  are  usually  executed  with  either  one  or  two  bars  per  slot. 
There  are  no  band  wires  on  the  armature  core. 

Fig.  124  shows  a  j^ortion  of  a  bar-wound  revolving  armature  having  one 
bar  per  slot. 

Single-Phase  Windings-     Fig.  1  shows  a  common  type  of 

single-phase  winding  having  one 
coil  per  pole.  Fig.  125  shows 
another  tyj)eof  concentrated  sin- 
gle-phase winding,  having  one 
coil  to  each  pair  of  ])()le8  or  one 
slot  j)er  pole.  The  sketch  i,  Ficr. 
1^5,  is  a  sectional  view  of  a  por- 
tion of  the  armature  core,  show- 

^^.^„,^^y^^y^         L »        ^'^S  ^"®  ^t  ^^^  slots  containing 

/  ^^        \      ^       ^^S^b  the  conductors  forming  one  side 


Fijr.  Vl\ 


of  a  sinirle  armature  coil    and 


standing  opposite  to  a  field  pole. 
In  th(;  diagram.  Fig.  125,  the  heavy  sector-shaped  figures  represent 
the  coils,  and  the  ]io;ht  lines  rej)resent  the  connections  between  the 
terminals  of  the  coils.  The  radial  parts  of  the  sector-shaped  fig- 
ures n^present  the  portions  of  the  coils  that  lie  in  the  slots,  and 
the  curved  pa?'ts  represent  the  ends  of  the  coils.  The  circles  at 
the  center  of  the  figure  represent  the  collecting  rings,  one  being 
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v^-=4v 


^howD  fuside  the  other  for  cleHrneBB.  Tlie  arrows  represent  the 
c3irection  of  the  current  at  a  given  instant.  All  electromotivo 
forces  under  K  poles  are  in  one  direction,  and  all  etectromotiTe 

forces  indaced  tinder  S  poles  are  in  the  opposite  direction.  Thi's« 
x^naarks  apply  to  Figs.  125  to  181!  inclnsive. 

Fig.  126  represents  a  sin. 
^le-phase  winding  distributed  in 

two  slots  per  pole,  all  the  coils 

"Leing  connected  in  series.     The 

sketch/',  Fig.  120,  is  a8e(-tion: 

-view  of  a  portion  of  the  arma- 

tnre  core,  showing  two  slots. 
Two-Phase  Windings.  The 

two-phase   winding   consists  of 

two   independent  single-phawe 

windings  on  the  same  armature, 

each  being  connected  to  a  sej)- 

arate  pair  of  collecting  rings. 

Fig.  127  shows  a  two-phi 

pole  for  each  yh 


vM^ 


Fig.  128  show 


tribnteii  in  two  slots  j>er  pole  for  each  jibjise.  In  each  of  the 
figures  (127  and  12S),  the  winding  of  one  of  the  jihasea  is  shown 
by  dotted  lines,  to  distingnish  it  from  that  of  the  other. 

Three-Phase  Windings.  The  three-phase  winding  conHitits 
of  three  independent  single-phage  windings  on  the  same  aniiatiire, 
the  terminals  of  the  individual  windings  Ijeing  connected  accord- 
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ing  to  the  Y  svhemu  or  A  ecbeme,  as  t-xplaitied  in  article  46. 
Fig.  12!t  shows  a  tbree-pliase  concentrated  windiug  (one  slot  per 
pole  for  each  phase),  Y-connected.  Fig,  130  shows  the  same 
winding  A-connected.  In  Figs.  139  and  130  the  winding  of  phase 
A  is  shown  by  heavy  fnll  lines;  the  winding  for  phase  B  is  shown  by 
light  full  lines;  and  the  winding  for  phastt  C  ia  shown  by  dotted  lines. 
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The  Y  coiinectiDn  gives 
force  between  collecting  rings 
total  number  of  coiidut'tors  jmt 
high  electromotive   force  inacli 


coil  winJing  ilistrilinteil  in  t\V' 
arranged  in  two  layrrn,  tliere  In 
IIS  there  are  slots,  so  that  portii 
above  the  otlier.     The  portions 


)  -i  times  as  mnch  electromotive 
as  the  A  connection  for  the  same 
])hase,  and  is  the  more  suitable  for 
liiies.  The  A  connection,  on  the 
other  hand,  is  esjiecially  adapted 
for  machines  for  large  current  out- 
it,  Theliiiecurrentis  I'y  times 
,iw  great  as  the  current  in  each  wind- 
ing in  a  A-connected  anuature. 

Fig.  131  shows  a  three-phase 
liiir  winding  ilistribnted  in  two  slots 
|i<r  pole  for  each  phase.  The  sketch 
/',  Fig.  1;!1,  is  a  et^ctional  view  of 
oiui  slot  eontaining  a  single  condnc- 
U)r  in  tile  form  of  a  rectangular  bar. 

Fig.  lii'i  shows  a  three-phase 
I  slots  [HT  pole  for  each  phase  and 
ing  as  many  coils  on  the  armature 
iM  of  two  coils  lie  in  each  slot,  one 
>f  the  coils  represented  by  full  lines 
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lie  ill  the  upper  parte  of  the  slots,  and  the  adjacent  dotted  portions 
lie  in  the  bottoms  of  the  same  slots.  The  skvtcti  h.  Fig.  IBS,  is  a 
sectional  view  of  one  slot  showing  two  half-coits  one  above  the 
other,  thna  constituting  a  two-layer  winding. 

The  method  of  connecting  up  the  sejiarate   windings  of  a 
three-phase  alternator  is  as  followa; 


Thk  Y  CoHHEt.n'iaN.  The  terminai»ut  tho  individual  windings  which 
are  to  be  connected  to  the  common  junction  nnd  to  the  ciillecting  ring^,  may 
be  determined  as  follows:  Consider  the  instant  when  binding  A  is  squarely 
under  the  polen,  as  shown  in  Fig,  V2S.  The  electromotive  (ntro  in  this  wind- 
ing (and  ths  currant  aW,  if  the  circuit  is  mm-inductivf)  is  n  niiixiniutii,  ar.d 
the  currontti  in  the  othor  two  jihiisfsll  and  ('  aru  each  hiilf  as  great.  Tf  wind 
ing  A  is  connocti'd  m>  that  ils  currant  is  Honing  anay  from  L;  windings  IJ  and 
C  niUMt  bo  connected  mi  that  their  currents  lliiw  tuwnnls  k. 

The  i  CoNMKCTiON.  Tho  tlireci  windings  form  ii  cl'ised  circuit  when 
A-connented.  The  total  eli'ctronic)tivofi)n.-onniund  this  ciriMiit  nt  any  instant 
miit«C  be  zero.  Consider  tho  instant  wlii-n  winding  A  in  Bc|uuruly  under  the 
poles,  as  shown  in  Fig.  1.30.  The  electromotive  fori'ii  in  this  winding  is  a 
maximum,  and  tho  electromotive  forces  in  the  otlii'r  two  windings  are  each 
half  as  great.  Then  winding  A  is  connected  to  any  pair  of  rings,  say  1  and  2; 
winding  B  is  connected  to  ring  .1  and  ring  1  (or  2);  and  winding  C  is  connected 
to  ringSand  ringSforl);  these  connections  are  made  so  that  the  electromo- 
tive forces  at  the  given  instant  are  in  the  directions  indicated  by  the  arrows 
in  Fig.  130. 
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COMMERCIAL  TYPES  OF  ALTERNATORS. 

52.  Alternators  are  of  three  tyj>es,  differinjr  in  the  means 
employed  for  causing  the  conductors  to  cut  the  magnetic  flux  from 
the  field  magnet.     These  types  are: 

1.  Revolving- Armature  Type, 

2.  Revolving-Field  Type. 

3.  Inductor  Type. 

53.  Revolving-Armature  Alternators.  In  this  type  of  alter- 
nator,  the  field  magnet  is  stationary,  while  the  armature  is  mounted 
on  a  shaft  and  is  driven  (by  means  of  a  belt  or  mechanical 
coupling)  by  tho  prime  mover,  which  may  be  either  a  steam 
engine,  a  steam  turbine,  or  a  water  wheel.  The  current  induced 
in  the  armature  conductors  is  delivered  to  the  external  circuit 
through  collector  rings  on  which  brushes  rub.  The  armature  may 
be  wound  for  a  single-phase  current  (having  two  collector  rings), 
for  two-phase  currents  (having  four  collector  rings),  for  three- 
phase  currents  (having  three  collector  rings),  etc.  The  revolving- 
armature  type  is  used  almost  exclusively  for  alternators  of  small 
output  and  moderate  voltage. 

Fig.  133  shows  a  90-kilowatt  1,100-voIt  8-pole  single-phase 

l»elt-driven  alternator  manufactured  bv  the  Fort  Wayne  Electric 

Company,  of  Fort  Wayne,  Indiana.     It  is  designed  to  be  driven 

at  a  speed  of  900  revolutions  per  minute;  hence  the  frequency  of 

.8  X  1)00 
its  electromotive  force  is  - — tttt —  =^  60  cycles  j)er  second.     The 

figure  shows  the  two  collector  rings  adjacent  to  the  armature,  also 
the  rectifying  commutator  with  its  brushes  for  su])plying  uni-direc- 
tional  current  to  the  coarse  wire  coils  of  the  composite  field  winding. 

Tlie  exciter  is  a  shunt- wound  4-pole  2-kilowatt  direct-current 
generator  running  at  a  speed  of  1,400  revolutions  per  minute.  It 
is  shown  belted  to  a  pulley  on  the  alternator  shaft.  The  current 
from  this  exciter  is  led  to  the  fine  wnre  coils  of  the  composite  field 
winding.  Each  field  pole  of  the  alternator  is  j)rovided  with  two 
coils  wound  on  one  and  the  same  spool — one  of  coarse  wire,  suj)- 
plied  with  current  from  tho  rectifying  commutator;  and  the  other 
of  fine  wire,  supplied  with  current  from  the  exciter. 

Tlie  field  structure,  base-plate,  and  pedestals  are  cast  in  one 
piece,  and  the  whole  machine  rests  upon  a  cast-iron  sub-base.    This 
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aiib-liaHf  is  prnviilwl  with  ftlide  raila  along  wbit^'b  tho  niaeliiiie  mav 
Iw  iiiovhI  1)_v  lucaDs  of  a  sort-w  tiLriKil  hy  a  ratfliet  and  lever,  as 
kIiowii  lliis  fur  the  pi(r[x>se  «f  adjiistiiijf  the  tension  of  the  iii»iii 
driviiif^  Ix'lt.  Thw  field  jwles  are  *•  built  up"  of  Bbi-et-iron  stanip- 
iiifjB  and  ari*  lield  together  hy  long  bolts.  These  tield  poles  are 
arranged  in  the  mould  in  wliieh  the  field  frame  ia  cast,  and  are  tbus 
east-weldi'd  to  the  frame.  The  field  coils  are  iiiacbine-n'OQiid  on 
spools,  with  insulated  copj)er  wire,  the  coarse  wire  coils  being  wound 
OD  top  of  the  fine  wire  coils.  The  field  spools  are  held  in  position  on 
the  tield  poles  hy  brass  collars  fixed  to  the  outer  ends  of  the  poles. 
The  eoarse  wire  coils,  connected  in  series,  are  supplied  with 
iini -directional  current 
from  tberectifyingcoiu- 
mutator;  aud  the  entire 
set  is  sbnnted  with  re- 
sistance consisting  of  a 
strip  of  (■Jerman  silver 
wound  on  an  insolated 
form  (Fig.  134),  and 
iitetl  oil  an  insulate<l  block  inside  the  hollow  |>edestal  on  the  col- 
lector end  of  the  iiiuchiiie. 

The  annature  is  of  the  iron-clad  ring  type  built  up  of  small 
overlapping  sheet-steel  pinichiiigs,  annealed  and  japanned  to  re- 
duce the  loss  caused  by  hysteresis  aud  eddy  currents. 


Tlie  annature  winding  is  of  ihu  coneiM  it  rated  oruni-coil  type. 
The  coils  are  wound  by  hand  directly  on  each  armature  tooth, 
insutatiid  copiHT  ribiK)ii  being  used.  Annature  coils  are  generally 
wound  on  forinersi,  and  iifterwardw  sprung  into  place  in  the  slots 
on  the  armature  core. 
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Figs.  135  and  lid  show  a  \V«t>ttnghcHitHMjinglt<-jilmxti  iini-uoil 
anuatara  very  much  likt)  the  one  ueeti  in  tim  alteni»tur  Hlumn  in 
Fig  l;tX  Tlie  ciiila  tif  tlio  WeHtingboiiHW  alternator,  however,  an> 
macliine-wouuil  on  formers;  ami,  afU-r  tx'iiifi  tHiHHijVarnislietl.anil 
liuke<),  they  are  spread  out  alightly  eo  au  to|>asH  over  the  teeth,  and 


are  forced  into  place  in  the  deep  slotii,  being  uecurely  held  in  ]i)ac^< 
there  by  wooden  wedges.  Fig,  135  showa  the  core  nuwoiind,  and 
Fig.  13y  the  method  of  placing  cotlu  in  this  type  of  machine.  Tlie 
annatiire  teeth  areT-.sliaj)ed,  and  jwrtially  overhang  the  armature 
coils,  thus  protecting  the  eoila  from  injurj-.  There  are,  of  conrae. 
the  sam3  number  of  annatnre  teeth  as  field  poles  in  the  uni-coil 
armature.  Thus  Figs.  127  and  1'2H  plmw  an  armature  core  for  an 
eight-pole  field. 

Fig.  137  Bhowa  the  completed  armature  of  which  the  core  and 
foils  are  showa  in  Figa.  133  and  130.     At  the  ends  of  the  arina- 


PiR.  137. 

ture  are  two  brass  shields  for  protecting  the  ends  of  the  armature 
coila.  The  riug-oiling,  spherical- seated,  nnlf-iiUgning  hearingn  are 
shown  on  the  shaft  in  Fig.  !;{";  and  iit  the  end  of  the  sliiift  are 
ahown   the  two  collecting  rings  :ind  the  rectifying  commutator. 
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Till'   wircn   leading  to   the  ciilfcetor  rini;s  and  to  the  rwlifviiii^ 
cnniiniititliir  ant  liit  tiir'iii<r)i  tliii  Hliiifl,  wliicli  is  made  bollnw. 

Figs,  lys  ami  1:!9  pIuhv  asinirlt'-pliasuM'cptinghousealterriR- 
tor  armature  wllh  distrilxilfl  windiritj.  Tliive  armature  coiU  are 
i-hown  in  Fi((.   138  seprfnitcly  and  aim*  groupwi  togftber.     The 


ar«  aHHeitilili-<l  mi  tlii'  anniitiiR'  <.'orf;aiid  thtre  an.' as  many  of  tlifse 
frp(,Q[,9  of  armaliiri!  coils  aa  lln-re  ar.>  jiolcs  in  the  field.  Fi<r,  130 
flioM-H  tint  tiiiislntl  arniatiiri'  with  md  sliii'lds,  t'ollectiiij;  rinjjs,  and 
rt'ctifyinif  commuliitor. 

In  ii.  scriil'liiiL'  till'  staTii;iini^s  of  uri  arrriutiirf  core  a  slitf,  cor- 


;.  I  nit, 

(fiiti'il  !-t;iin|iinf;  (or  it^  fijuivalniti  is  iiiricrtcd  at  intervuU  bt'- 
cin  ^'roujis  of  tin-  lltit  KlK-i't-ii'oa  stampings,  tbiis  leaving  radial 
■  duds  from  tbo  insiclo  to  tlm  ontsi<lo  of  tlie  armature  cort-, 
icsi-  iiM'  known  us  ventilating  ducts,  iind  tbeir  object  is  to  per 
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mit  of  a  free  circulation  of  cool  air  through  the  Knnittnre  core  and 
coils,  thus  preventiug  excessive  rise  of  temperature.  The  motion 
of  the  armature  causes  air  to  be  drawn  in  through  the  end  shields 
to  the  interior  of  the  armature,  whence  it  la  thrown  out  through 
the  radial  ducts,  as  in  the  case  of  a  ventilating  fan.  Four  of  these 
spaces  between  stampings  can  be  seen  in  Figs.  13S  and  189;  and 
the  armature  "spider"  and  end  shields  at  each  end,  as  shown,  are 
provided  with  apertures  for  admitting  cool  air. 

Fig.  140  shows  the  field  structure  of  a  Westinghonse  180- 
kilowatt  alternator  bi'foru  tlio  field  coils  have  been  placed  upon  it. 
The  field  poles  (laminated!  are  shown  projecting  radially  inwards 
from  the  cast-iron,  ring- 
Bli!ij>ed  joke.  The  joke  is 
cast  in  two  pieces,  and  the 
upper  half  is  bolted  to  the 
lower  half,  as  shown  in  the 
figure.  The  joke  is  divided 
ill  this  way  in  order  that  tlie 
ujjjter  half  may  be  unbolted 
and  may  Iw  lifted  off  by  means 
of  the  eye-bolt  on  the  top  of 
a  machine,  thus  givingeasy 
i  acct'i's  to  the  armature  for  iii- 
Bjiectionuud  repairs. 

Fig.  141  shows  a  West- 
Pijf.  140.  inghouse  375.kilowatt  2,000- 

volt  two-phase  revolving-ar- 
mature alternator.  The  armature  winding  is  continuous;  taps  from 
this  winding  are  taken  out  to  the  collector  rings  spaced  OO' apart 
for  two.phase,  and  spaced  I'M"  apart  for  three-phase.  Tlie  large 
sizes  are  not  provided  with  a  composite  field  winding,  but  the  small 
ones  are  usually  bo  equipped. 

54-  Revolving-Field  Alternators.  In  this  type  of  alterna- 
tor, the  armature  is  stationary,  and  the  armature  windings  are 
arranged  in  slots  on  the  inner  face  of  the  armature  structure,  the 
latter  forming  a  closed  ring  inside  of  which  the  multipolar  field 
magnet  revolves.  The  armature  structure  consists  of  an  external 
frame  of  cast-iron  or  steel  supported  on  a  bed-plate.     Tho  arma- 
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tnre  core  proper  coDsists  of  h  ring  bnJIt  ap  of  relatiTelj  bbikU  ' 
BtanipingB  of  sheet  iron  dovotailed  into  the  external  frame  and 
presaM  together  between  two  flangus  by  bolts.     The  external  frame 
in  tiiifl  type  of  alteriialor  does  not  to  any  perceptible  exteat  carry 


4 


lines  of  force;  that  ia.  it  dues  not  form  a  jiart  of  the  magnetic  cir- 
cait,  but  serves  only  as  a  support  for  the  laminated  armature  core,  j 
Fig.   142  shows  thti  armature  frame  and  core  of  a  100-kilowatt  ] 
alternator  of  the  BulloL-k  Electric  Manufacturing   Company,   of  I 
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Cincinnati,  Oliio.  TIio  arinuturH  stampings  aro  Bejiaruted  by  cor- 
rugattii  plateB  (or  their  equivalent)  iu  order  to  form  ventilating 
ducts  tbrougli  the  armature  core,  Tlie  fan  action  of  the  revolving 
field  forces  air  into  these  ducts,  whence  it  passes  into  the  hollow 
casting  and  out  through  the  holes  shown  in  Fig.  li)l. 

Fig.  143  shows  an  armature  structure  for  a  000-kilowatt 
Bullock  alternator,  with  a  three-phase  winding  in  place.  This 
winding  is  distributed  in  two  slots  per  pole  per  phase.  The  coils 
that  constitute  one  of  the  phases  are  those  of  which  the  ends  show 
most  distinctly.  The  sides  of  the  coila  belonging  to  the  otlicr  two 
phases  lie  in  the  remaining  slots,  four  of  which  are  surromulwl  by 
each  pair  of  coils  belonging  to  the  first  phase.  The  manner  of 
connecting  the  coils  belong- 
ing to  each  phase  is  ex- 
plained in  Article  CI.  This 
armature  structure,  Fig.  143, 
has  two  extensions  cast  as 
part  of  the  frame,  which  are 
intended  to  rest  upon  a  foun- 
dation on  a  level  with  the 
floor.  The  lower  part  of  the 
ring  ia  designed  to  extend 
below  the  level  of  the  floor 
into  a  pit.  In  the  same  fig- 
ure is  shown  also  a  metal  p.  -  „ 
shield  screwed  to  the  frame, 
and  serving  to  protect  the  ends  of  the  armature  coils. 

Fig.  144  shows  a  stationary  arinaturo  structure  for  a  three- 
phase  alternator  of  the  General  Electric  C'omjiany.  It  is  wound 
for  12  poles,  and  is  rated  at  225  kilowatts  at  s  speed  of  400  revo- 
lutions [)er  minute.  In  the  figure  theend  guard-plate  is  removed, 
showing  the  ends  of  the  windings;  and  showing  also  the  three 
armature  terminals,  which  are  brought  out  through  an  insulated 
bushing  screwed  to  the  frame  of  the  machine  on  the  right. 

The  Sfi-pole  field  structure  of  a  revolving  field  ty\ie  of  alter, 
nator  of  the  General  Electric  Company  is  shown  in  Fig.  145. 
This  field  structure  consists  of  laminated  pole-pieces  mounted  on  a 
cast-steel  ring,  and  carried  by  a  cast-iron  spider.     The  pole-pieces 


ftrn  built  ii|i  of  wliiH't  iron,  willi  ii  ^liuiiiili<r  uii  tlw  ontwr  niid  ftt  M 
to  Mivur  u  widu  |iu1iir  arc^  ami  tmiil  tlm  linlil  I'oiiu  iii  plan.'.  Tbu 
jKiliit  um  attacttisl  tu  tlio  Ht«t^l  rEu^  hy  bolts  fiassing  tbroagli  Uuiai 
(if  tbi-  [MiripliL^ral  speed  ie  lowi;  orlliuy  aredoveuiled  intuUii'  ring, 
if  Hiitij'MiUxl  to  bigli  amtrifu^ul  stresses,  t^itlier  iiiethud  uf  con- 
Btnictiim  [R'nuits  wisy  removal  of  the  polti-piwtv  ami  litfld  t>oiU  if 
iiwcs^ury.  One  of  these  pule^pieces,  with  duvetail,  is  sbowu  in 
Fig.   1-ifi. 

Two  im-thodB  of  eonstnicting  lield  coiia  for  revolvinfi  fialA 
macUiiii-s  am  used  liy  xhn  (it'nt<rul  £le<>li'if  1  'iitii[iaiiy.     Fur  Httuillvr 
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machines  tbu  wire  is  wound  on  Bpools  wliich  are  slipped  over  the 
])ole-piiiceB  and  lield  in  pla<w  hy  tbu  enlarged  |>ole  tij)&.  In  larger 
niacliinee  the  field  coils  consist  of  a  single  strip  of  flat  coppi'r 
woandoQ  edge,  as  shown  in  Fig.  140,  so  that  the  edge  of  everj- 
tiirnis  exposed  to  the  air  to  facilitate  radiation,  and  hence  cooling. 


Fig.  Ud. 
As  tliii   flat  sideH   rest  iigainet  <>acli  utlier,  sejiamti-d  only  by  thin 
strips  of  jjaper  fur  insiilatiun.  the  entire  eoil  forms  a  structure  of 
great  solidity. 

The  direct  current  for  exciting  the  field  magnet  is  carried  in 
to  the  revolving  field  structure  by  means  of  brushes  ruhbinp  on 
collector  rings  to  which  are  connected  the  termioals  of  the  field 
coils.     The  latter  are  all  connected  in  series. 


fOBUC  UBRART 
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COMMERCIAL  TYPES  OF  ALTERNATORS. 


147  is  a 


of  an  S- 


poll! 


llo-kil. 


lowalL   tno- 


(jliase   belt-driven   Bnilock  alternator  of  the  revolving- field  t_v|)e. 
X  t  18  deaigued  to  give  2,200  volts  at  tlie  armature  terminalB  wlit-n 
■iven  at  !'0(J  rcviilutions  per  niLiinte,  giving  a  frequency  of  00 
L«?ycles  [HT  second. 
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throiit^h   insulated  bushings  under  the  floor,  and  thence  are  run 
in  conduits  to  the  switchboard  (not  shown). 

Fig.  148  is  a  general  view  of  a  48-pole  750-kilowatt  direct-con- 
nected revolving  field  three-phase  alternator  built  by  the  General 
Electric  Company.  It  runs  at  a  speed  of  150  r.p.m.,  giving  a 
frequency  of  60  cycles  per  second  and  a  full -load  rated  voltage  of 
2,300.  The  collecting  rings  and  leads  to  the  field  winding  are 
clearly  shown  in  the  figure.  The  armature  frame  is  of  cast-iron,  of 
a  strong  box  section,  into  which  are  dovetailed  the  iron  punchings 
of  the  core.  Ventilating  spaces  between  the  armature  laminations 
provide  for  a  circulation  of  air  when  the  machine  is  running.  The 
windings  are  set  in  slots  and  held  in  place  by  wedges  over  them. 

Engine-driven  alternatorgi,  especially  in  the  largest  sizes,  are 
constructed  with  their  field  magnet  poles  mounted  upon  the  rim 
of  their  fly-wheel  structures.  Such  machines  are  called  fly-wheel 
altemators.  The  alternators  installed  in  the  central  power  station 
of  the  Manhattan  Railway  Company,  of  New  York  City,  by  the 
"Westinghouse  Electric  &  Manufacturing  Company,  of  Pittsburg, 
X^enn sylvan ia,  are  good  examples  of  fly-wheel  alternators.  These 
machines  are  rated  at  5,000  kilowatts,  and  are  guaranteed  to 
deliver  7,500  kilowatts  for  two  hours  without  excessive  rise  of 
temperature. 

Fig.  149  is  a  general  view  of  one  of  the  eight  generating  units 
in    the  Manhattan  power  station.     It  consists  of  a  vertical  com- 
pound steam  engine  rated  at  8,000  horse -power,  with  a  50  per 
cent  overload  capacity,  direct-connected  to  a  fly-wheel  alternator. 
The  total  height  of  one  of  these  machines  is  42  feet,  the 
diameter  of  the  revolving  j)art  is  ;32  fet^t,  and  the  total  weight  is 
185  tons.     The  combined   fly-wheel  and  field   magnet  structure 
consists  of  a  steel  hub  to  which  is  fastened  a  l)iiilt-u[)  disc  of  steel, 
to  serve,  instead  of  spokes,  for  supj)orting  the  heavy  rim.     This 
rim  consists,  in  the  first  place,  of  a  number  of  cast-iron  segments 
bolted  to  the  steel  disc,  and  having  on  their  outer  faces  a  series  of 
dovetail  channels  into  which  the  laminations  forming  the  built-up 
field  poles  and  connecting  yokes  (for  comj)leting  the  magnetic  cir- 
cuit) are  dovetailed.      Fig.  150  shows  how  these  built-up   field 
poles  and  connecting  yokes  are  constructed,    and  how  they  are 
fastened  to  the  cast-iron  supporting  structure.     Three  individual 
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Btampings  are  dhowti  sefiarate  in  the  ligure.  Fig.  loO  does  not 
reprcKcnt  the  revolriiig  field  stractura  of  one  of  the  ManliuiUn 
ultcrQaturs  di'scribed  above,  but  the  tit>ld  gtrnclure  of  a  siniilar  but 
smaller  niBc'liine. 

Id  ae^etnbliug  the  Btamjiings  that  form  the  built-up  atrnctun- 
of  Held  poles  and  yokes,  ike  stampings  break  jiiitiLd  in  unit-r  to 
enable  the  structure  to  resist  centrifugal  force  without  bringing 
nndne  stress  upon  the  central  supporting  structure.  The  stamp- 
ings ar»  perforated  with  a  number  of  holtM,  as  ebown.  lliesu 
holes 


Fi;:.   l.^iO. 


througli  them  in  ordt-r  to  elanip  the  liiniiiiiitioiis  logethiT.  At 
intervnlt)  uf  about  three  inehes,  the  laminations  aiv  separated  by 
■  oorriigated  laiiiiimlion  (or  its  equivalent),  which  serves  lo  form 
TentiUting  dnclit  that  extend  inwai'dly  to  large  openings  in  the 
Clut-iron  segmi'Tils.  Those  ventilating  ducts  in  the  revolving  Held, 
register  or  coincide  with  corres|iondiiig  dndw  in  the  externul 
Btationary  arinuture. 

Tile  field  pole  tips  are  l)eveled  so  as  lo  produce  a  distribution  of 
magnetic  tlux  which  will  give  u[)proxiiiiately  a  sine-wave  dectro- 
motivii  force  at  no  load  {  under  load  conditions  the  wave  would  be 
Bomewhat  distorted). 

Fig.  IDl  shows  11  portion  of  the  peri]ihery  of  the  rotating 
iield  Btrncture  of  a  Manbiittan  alttrnjitor  with  ticM  coils  in  place. 
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The  field  coila  are  held  in  place  by  massive  copper  frames,  whic,  -^ 
project  QDiler  adjacent  pole  tipe.  These  copper  frames  have  r1s»  ^ 
large  external  lips,  which  overhang  the  beveled  edges  of  the  polv^?^ 
The  frames,  with  their  overliaiigintf  lip-i,  act  powerfully  to  retarczw* 


any  shifting  of  the   fit^Id   flux  to  and   fro  across  the  ]K>le  facet 
Such  a  shifting  of  Hiix  always  accompanies  the  "hunting"  actioj 
of  alternators  connected  so  as  to  be  operatal  in  parallel  (as  is  thi 
case  with  these  Manhattan  alternators);  and  tlie  overhanging  c 
per  frames  check  this  tendency  to  "hiinl." 

The  speed  of  the  Manhattan  altenuitura  is  75  r.p.ra.,  wbio] 
with  40  poles,  gives   a.  frequency  of  25  cycles  Jier  second. 
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ftrmatares  are  wound  with  three  jihHHea,  and  they  j^ive  ll,OIKi 
PoltB.  Tiie  field  reipires  225  ain|R-rt'8  at  200  volts  when  tlio  alter- 
nator is  delivering  full-load  current  at  ll.ilUO  volts  o[i  a  noii- 
iodiictive  load.  About  15  per  cent  additional  field  current  U 
required  to  give  11,000  vulta  when  the  alternator  is  run  at  full- 
load  rated  current,  the  power  factor  of  the  rweivin^  ein-nita  beinj^ 
90  per  cent.  The  full-load  regnlatiou  of  the  ninehine  is  0  |it'r 
cent  with  non-inductive  receiving  circuits;  that  la,  then'  is  a  (i  jht 
etsnt  rise  of  voltage  when  full  non-inductive  luml  is  thrown  off  the 
machine.  The  efficiency  of  these  alternators  ranges  from  about 
90  per  cent  at  quarter  loud  to  about  OIU   per  tvnt  at  full  load. 


indiictiv* 
The  inductor 


illeniator  is  thai 


when  the  receiving  circuits  are  ii 
55.     Inductor  Alternators. 

tjpe  of  alternator  in  which 
both  the  field  winding  and 
the  armature  (core  and  wind- 
ing)  are  stationary,  and  in 
which  the  Tnagnetic  fiux  pro- 
duced by  the  field  winding 
ia  cansed  to  move  past  the  ar- 
matare  conductors  by  means 
of  a  rotating  iron  structure 
called  (be  inductor.  St-u 
Fig.  102. 

Fig.  153  shows  the  sta- 
tionary annature  structure 
of  a  150-kilowatt  inductor 
alternator. 

The  armature  is  in 
some  respects  equivalent  to 
two  ordinary  armatures  side  by  side,  as  may  be  setMi  fi-oui  the 
two  rings  or  crowns  of  jirojecting  teeth.  Fig.  ISS  shows  the  large 
single-field  spool  with  its  supporting  lugs.  Fig.  ItiO  shows  the 
armature  structure  with  armature  windings  and  field  spoul  in 
place,  and  Fig.  102  shows  the  rotating  inenilwr  or  inductor.  The 
field  coil  surrounds  the  narrow  neck  of  the  inductor  between  the 
two  flux  distributors.  The  nuignetic  tlnx  product«l  by  the  field 
coil  passes  through  the  narrow  netk  of  the  inductor.  Fig.  102,  into 


Fig.  152. 
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an  end-pieco  or  distributor,  around  the  periphery  of  which  aiv  a 
number  of  laminated  polar  projections  from  which  the  flux  passes 
across  one  air  gap  into  one  crown  of  armature  teeth  and  windings. 
Thence  the  flux  passes  through  the  cast-iron  case  of  the  armature 
structure  to  the  other  crown  of  armature  teeth  and  windings,  then 
across  the  other  air  gap  into  the  polar  projections  on  the  other 
distributor,  and  Anally  back  to  the  starting  |)oint.  All  the  polar 
projections  on  one  distributor  are  north  poles,  and  all  those  on  the 
other  distributor  are  south  poles. 

Figs.  152  and  102  show  a  single-phase  alternator.  This  ma- 
chine with  given  windings  may  be  altered  from  a  single-phase 
machine  to  a  two-phase  machine  by  loosening  one  distributor,  and 
turning  it  until  its  jiolar  projections  come  op|)osite  to  the  spaces 
between  the  polar  projections  on  the  other  distributor.  In  this 
case  the  annature  windincjs  at  one  end  of  the  armature  structure 
constitute  one  phase,  and  the  windings  at  the  other  end  of  the 
armature  structure  constitute  the  other  phase. 

Fig.  1(55  shows  a  l>elt. driven  Stanley- Kelley-Chesney  (S.  K.  C.) 
two-phase  inductor  alternator  with  its  stationary  armature  struc- 
ture se|>arated  so  as  to  show  the  field  coil  and  inductor.  This  belt- 
driven  tyj)e  is  built  in  sizes  from  125  K.W.  to  225  K.W.,  running 
at  sj)eeds  from  1.000  to  000  r.  p.  m.,  and  wound  to  give  any  volt- 
age up  to  5,500  in  the  smaller  sizes  and  up  to  (5,000  in  the  larger 
sizes.  This  type  is  provided  with  a  vertically  split  armature  struc- 
ture with  the  armature  halves  arranged  to  slide  on  side  fables  cast 
in  one  piece  with  the  bedplate.  These  armature  halves  can  be 
slid  apart  by  means  of  a  screw  operated  by  the  up[)er  hand  wheel 
shown  in  the  figure,  thus  giving  access  to  the  interior  of  the  ma- 
chine. The  iield  coil  is  shown  in  Fig.  105,  in  place  between  the 
two  llnx  distributors  of  the  revolving  member  or  inductor,  one 
Jlux  distributor  being  hidden  from  view  in  the  figure.  Tliis  field 
coil  is  l)olted  to  the  armature  structure  when  the  halves  of  the  lat- 
ter are  brought  together  to  form  a  continuous  ring. 

Fit'.  1(>0  illustrates  a  standard  S.  K.  C.  alternator  arranged 
for  direct  connection  to  the  driving  engine.  The  inductor  is 
arranged  to  slide  along  the  shaft  so  as  to  give  access  to  the  interior 
of  the  machine.  This  type  is  also  provided,  if  desired,  with  base, 
shaft,  and  l)earings  for  direct  coupling  to  water  wheels  and  to  types 
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of  engines  where   the   induetor  cannot  be  uio!intt»cl  direetly  u[K)n 
the  engine  shaft. 

When  this  type  Ih  mounted  directly  uih>u  an  engine  Hbaft,  tlie  manu- 
facturers advise  that  tlie  armature  be  not  wound  for  higher  voltages  than 
2,fi00  On  the  other  hand,  when  this  type  is  provided  with  its  own  base, 
shaft,  and  bearings,  so  that  it  can  be  insulateci  from  the  driving  engine  or 
water  wheel,  the  armature  can  safely  be  wound  to  give  voltages  up  to  12,<)0(). 

This  direct-connected  type  is  built  in  sizes  from  000  K.W.  to 
2,()(X)  K.W.,  running  at  8j)eeds  from  3(50  to  75  r.p.m.  In  the 
larger  sizes  it  is  not  necessary  to  move  the  armature  or  inductor, 
in  order  to  gain  access  to  tlie  armature  coils. 

The  standard  frequencies  of  S.  K.  (\  alternators  are  (iO,  (>(), 
and  133  cycles  i)er  second.  The  S.  K.  ('.  alternators  are  usually 
provided  with  a  complete  two-phase  armature  winding  at  each  end 
of  the  machine,  althoutih  in  sonie  cases  each  end  of  the  armature 
is  wound  single-phase,  and  the  ])olar  j)rojections  of  the  inductor  are 
"staggered"  to  give  two  ])hases,  one  at  each  end  of  the  armature. 

The  relation  between  speed,  frequency,  and  num])er  of  |)olar 
projections  in  the  inductor  alternator,  is  not  the  same  as  in  the 
ordinary  tyj)e  of  alternator  with  alternate  north  and  south  tield 
})oles.  The  electroniotive  force  induced  in  a  given  coil  of  the 
armature  of  an  inductor  alternator  passes  through  a  complete  cycle 
of  values  while  the  inductor  is  moving  so  as  to  replace  a  given 
polar  projection  by  the  next  following  j)olar  ])rojection;  while  in 
the  ordinary  tyj)e  of  alternator  the  electromotive  force  induced  in 
an  armature  coil  passes  through  half  a  complete  cycle  while  the 
field  magnet  is  moving  so  as  to  replace  a  given  north  pole  by  the 
next  following  south  pole. 

The  armature  windings  of  the  inductor  alternators  shown  are 
arranged  exactly  as  they  would  be  to  adapt  them  to  an  ordinary 
revolving  tield  magnet  having  twice  the  number  of  polar  j)rojec- 
tions  that  the  given  inductors  have.  When  two  adjacent  polar 
projections  of  the  inductor  are  opposite  two  coils  of  the  armatun* 
winding,  there  is  an  idle  armature  coil  between  the  j)()lHr  jnojcc- 
tions.  Hence,  on  the  whole,  the  armature  windings  are  utilized 
only  to  half  the  extent  that  they  are  in  an  ordinary  alternator. 
For  this  reason  chieHy,  the  weight  and  cost  of  an  inductor  alter- 
nator of  a  given  outj)Ut  are  greattu*  than  the  weight  and  cost  of  an 
alternator  of  the  ordinary  type. 
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56.  Comparison  of  Types  of  Alternators.  The  revolving- 
arinature  type  of  alternator  is  limited  to  a  general  power  aud 
lighting  distribution  where  only  a  moderate  voltage  is  required. 
Machines  of  this  type  are  comparatively  cheap  to  build.  They  can 
l>e  automatically  comjKHinded  by  the  use  of  composite  field  wind- 
ings without  any  complication  of  parts,  which  is  not  the  case  with 
the  revolving-field  or  the  inductor  tyj)es  of  alternator.  The  effi- 
ciency of  the  revolving-armature  type  is  somewhat  higher  than 
that  of  the  other  two  tyj)es. 

The  revolving-armature  type,  on  the  other  hand,  is  not  suit- 
able for  generating  either  high  or  low  voltages,  on  account  of  the 
difficulties  of  insulating  the  armature  conductors  and  collecting 
rings  in  the  first  case  (high  voltage),  and  of  collecting  a  large 
armature  current  in  the  second  case  (low  voltage). 

The  stationary-armature  (revolving-field)  type  c>an,  on  the 
contrary,  be  easily  insulated  to  withstand  a  testing  pressure  of  over 
3(),(H)()  volts;  and,  as  no  collecting  device  is  required,  currents  of 
large  nuignitude  can  be  taken  from  the  armature  terminals  with- 
out difficulty.  Alternators  with  stationary  armatures  are  now 
built  to  generate  voltages  u|)  to  t20,(H)0;  but  it  is  doubtful  whether 
on  the  whole,  it  is  economical  to  build  them  for  voltages  greater 
than  1(),()0().  Furthermore,  a  revolving  field  can  be  made  stronger 
and  more  compact  than  a  revolving  armature,  and  therefore  the 
revolving-field  tyj)e  of  alternator  is  much  the  better  suited  to  the 
high  speeds  employed  in  alternators  driven  by  steam  turbines. 
The  combination  of  a  steam  turbine  direct-connected  to  an  alter- 
nator,  is  called  a  turbo-generator. 

The  threat  advantatfe  of  the  inductor  tvpe  of  alternator  is  the 
absenct*  of  moving  wire,  and  the  conscijuent  absence  of  all  col- 
lecting rings  and  brushes,  the  cost  of  attendance  being  thus 
rtnluced  to  a  minimum.  On  the  other  hand,  close  regulation  is 
attainablt*  only  bv  increase  of  size,  and  conse<iuent  increase  of  cost. 

57.  Conditions  Affecting  Cost.  The  most  important  factor 
in  determining  the  cost  of  an  alternator  for  a  given  rated  output, 
is  its  spivd.  inasmuch  as  a  low-sfHH»d  machine  must  be  much 
larger  than  a  high-s|HHHl  machine  of  the  same  nited  output.  Belt- 
driven  machines  are  always  run  at  the  highest  sj>eed  compatible 
with  safely  to  the  alternator  itself  ;  while,  on   the  other  hand,  the 
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speed  of  a  direct-connected  alternator,  being  determined  by  the 
speed  of  the  engine  or  water  wheel,  is  usually  less  than  is  neces- 
sary for  safe  running.  Therefore  a  belt-driven  machine  is  usually 
cheaper  than  a  direct-connected  machine  of  the  same  rated  out- 
put. Very  large  machines  must  be  direct-connected,  inasmuch 
as  belt  driving  is  out  of  the  question  for  large  machines  on  account 
of  the  excessive  cost  of  very  large  belts,  the  great  amount  of  floor 
space  required,  the  power  lost  in  the  belt,  the  expense  of  attend- 
ance and  maintenance,  and  the  noise.  Direct-connected  alter- 
nators, especially  machines  of  large  rated  output,  are  usually 
designed  with  the  rotating  member  (armature  or  field)  of  large 
diameter,  in  order  that  the  permissible  sj)eed  of  the  alternator  may 
be  approximately  the  same  as  the  proper  speed  of  the  driving 
engine  or  water  wheel. 

A  second  factor  affecting  cost  is  the  voltage  that  is  to  be 
developed  in  the  armature.  A  machine  for  high  voltage  must 
have  a  large  number  of  armature  conductors,  and  these  con- 
ductors must  be  highly  insulated — that  is,  the  insulation  must 
occupy  a  relatively  large  portion  of  the  winding  space  in  the 
slots.  This  requires  a  large  machine  for  a  given  power  output, 
on  account  of  the  space  wasted,  as  it  were,  in  insulation.  To 
offset  this  disadvantage,  a  high-voltage  alternator  does  not  require 
the  use  of  step-up  transformers,  the  voltage  generated  in  the 
alternator  being  suited  for  the  transmission  of  power  to  moderate 
distances.  That  is,  the  extra  cost  of  the  alternator  may  be  more 
than  offset  by  the  saving  in  the  cost  of  tlie  step-up  transformers. 

A  third  factor  affecting  cost  is  found  in  the  requirements  of 
close  regulation  and  high  efficiency.  Thus  an  alternator  of  given 
power  output  may  be  made  smaller  in  size,  and  therefore  cheaper, 
if  high  efficiency  and  close  regulation  are  not  demanded.  High 
efficiency  and  close  regulation  mean  a  liberal  use  of  iron  and 
copper  in  order  to  secure  a  minimum  loss  of  power  and  electro- 
motive force  in  a  machine.  Furthermore,  the  efficiency  of  a  given 
size  of  alternator  for  given  output  may  be  increased  at  the  ex- 
pense of  regulation,  or  v'n'e  verna. 

A  fourth  factor  affecting  cost  is  the  frequency  required. 
With  given  speed  an  increase  of  frequency  means  an  increase  in 
the  number  of  field  poles  and  in  the  number  of  armature  coils, 
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and  therefore  an  increase  in  the  cost  of  construction.  This  ele- 
ment of  cost  is  most  prominent  in  very  slow-speed  direct -connected 
alternators.  For  example,  a  133-cycle  alternator,  direct -connected 
to  an  engine  running  at  800  r.p.m.,  must  have  52  poles  to  give  the 
requirtnl  frequency.  To  reduce  the  frequency  to  40  cycles  would 
require  only  IG  poles,  with  a  corresponding  reduction  in  the  cost 
of  the  field  magnet  copj)er  and  of  labor.  On  the  other  hand,  low- 
ering the  fre(juency  of  an  alternator,  while  keeping  the  8j)eed  con- 
stant, would  re<]uirean  increase  in  the  useful  flux  per  pole  and  a 
corresponding  increase  in  the  cross-sectional  areas  of  the  field 
yoke,  the  Held  poles,  and  the  armature  core.  This  would  mean 
an  incrt»ase  in  the  amount  of  iron  to  be  used  in  the  machine. 
Iron,  however,  is  cheap  ;  and  the  extra  cost  of  iron  would  he 
more  than  offset  by  the  saving  in  copjjer  and  labor. 

ALTERNATOR    LOSSES,    EFFICIENCIES,    RATINGS, 

AND  TE5T5. 

58.  Losses  of  Power  in  an  Alternator.  The  power  lost  in 
an  alternator  consists  of  the  following  parts  : 

(d)  liOHs  due  lo  brush,  journal,  and  air  friction.  Air  friction  in  usu- 
ally called  windage. 

l/>)  I*ower  consumed  in  heating  llie  liehi  windings  by  tlie  exciting 
current. 

{(')  I*ower  lost  in  heatimr  ihe  armature  windiiiji^s  by  the  armature 
current  or  currents. 

((/)  iMldy  current  and  hysteresis  losses  in  all  iron  that  is  subject  to 
variattons  of  jua^neti/ation. 

Friction  and  windage  loss  can  bt»  determined  only  by  exi>eri- 
ments  upon  tlu»  finished  rmichine. 

The  power  consumed  in  the  field  windings  is  KP,  where  R  is 
the  resistance  of  the  field  circuit,  and  1  is  the  field  current.  The 
iield  rheostat  is  a  ])art  of  the  machine,  and  the  losses  occurring  in 
it  are  a  part  of  the  machiiu*  losses.  This  sanu'  formula  may  l>e 
used  to  calculate  power  consumed  in  each  Iield  winding  of  a  com- 
posite-field alternator. 

The  power  lost  in  heating  the  armature  windings  is^i^*X 
///r  nmnhi  r  of  j}lnfsrs,  where  U  is  the  resistance  of  each  phase,  and 
I  is  the  current  in  each  phase. 
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Tbe  power  lost  by  eddy  cnrreiitB  and  hysteresii*  may  'w  «!>- 
proximately  calculaUnl  by  the  method  employed  fur  the  corre- 
sponding cHlciilation  in  tbe  ease  of  a  traiiBformer. 

59.  Efficiency.  The  efficiency  of  an  alternator  iw  the  ratio 
iiiitjHit  iif  }><nei:i'  -h  input  of  p'nur.r.  Since  the  meclianinii  injiut 
of  ]K)wer  is  equal  to  the  output  of  power  plus  all  the  loases  of 
power,  we  have  also: 


Efficiency  — 


output 
outpnt    I    losses 


At  zero  load  (zero  output),  the  efficiency  of  an  alternator  is  there- 
fore  zero;  the  efficiency  increaBea  with  increasing  loiid,  reaches  a 
umxinium,  and  falls  off  for  large  loads.  An  alternator  may  lie 
designed  to  give  its  maximum  efficiency  at  any  prescribed  fnu'tion 
of  full  load.  It  is  generally  desirable  to  design  the  machine  to 
givo  its  luaximum  efficiency  at  approximately  full  load. 

The  efKeiency  of  a  large  alternator  at  full  load  is  usually 
greater  than  tbe  efficiency  of  asmall  alternator.  For  exiuiiplc.  liie 
large  alternators  in  the  great  power  stations  at  Niagara  Falls  have 
efficiencies  of  over  98  percent. 
A  well-designed  5U-kilowatt 
alternator  has  an  efficiency  of 
about  90  percent. 

60.  Practical  and  Ultimate 
Limits  of  Output.  The  dotted 
curve,  Fig.  153,  is  the  character- 
istic curve  of  a  given  alternator. 
Til  is  curve  shows  the  relation 
between  the  current  output 
(plotted  as  abscissas)  and  tbe 
electromotive  force  between  the 
collecting  rings  (plotted  as  onli- 
nates,  using  scale  to  the  lefl\  the 

field  excitation   being  kept  con-  Fig.  153. 

slant.     Tho  ordi  nates  of  the  f ul  1  - 

line  curve  (scale  shown  to  the  right  in  the  figiii-e)  represent  the 
power  outputs  (in  kilowatts)  corresjionding  to  the  different  current 
outputs  (receiving  circuit  non-inductive).     Tho  maximum  output 
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A  *r;$:,* for '..-.'  r-Av.:.^'  >.^  pr!:i.ArT  oyll  o>:i:>rC2cJ  10  altema- 
t;rj^  rfjrr*f;,t  u.'^'.:.*.  •  -:  f.rT.'rhii-^  r.o  ci:r!VL:  from  it*  siecoDdxnr 
t'/t\\,  hA*  a  [^rA»-r  f^rtor  of  ^jf.roxiriiately  <».7.  The  power  bMMor 
ifi/'r*^j^>r^  vt'ith  t}j*;  r^:oridarj-  lamp  load.  antiL  in  the  neighboriiood 
of  frjll  \ffAf\.  th<f  |/i*A»-r  fa/:tor  i.«  nearly  unity. 

Indrj^'tjon  rrjotorn,  lik»'  transformers,  have  a  maximom  power 
Sw.Uit  fit  full  N/a/|.  T}i»'  jf^iwt-r  factor  of  induction  motors,  even  at 
full   Ni^MJ.  ranly  »x^x<^Jn  0.1*:  under  partial  loads  it  falls  to  0.7  or 

t'Vt'tt    U'JMi, 
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A  inixed  load  consistincr  of  transformers  and  induction  motors 
lucre  or  less  fully  loaded,  has  an  averacre  power  factor  of  from  0.8 
to  0.<S5. 

6i.  Rating  and  Overload  Capacities.  Previous  to  the  def- 
inite recommendations  of  the  American  Institute  of  Electrical  Engi- 
neers in  the  matter  of  overload  capacities  as  given  below,  there 
were  great  differences  among  different  manufacturers  in  the  rating 
of  alternators.  Thus  one  maker  mit^ht  have  sold  a  certain  alter- 
uator  as  a  50-kilowatt  alternator,  although  the  machine  micrht  have 
been  capable  of  delivering  50  jjer  cent  overload  (or  75  kilowatts) 
for  several  hours  without  dangerous  rise  of  temj)erature;  whereas 
another  maker  micrht  have  sold  an  exactlv  similar  machine  as  a 
75-kilowatt  alternator. 

As  an  illustration  of  the  difference  of  permissible  rating  of  a 
given  alternator  according  to  conditions  of  service,  the  following 
is  taken  from  the  practice  of  one  of  the  large  American  manufac- 
turing companies. 

A  certain  alternator  has  twenty  poles,  and  runs  at  loO  r.p.m.  When 
this  machine  is  rated  at  800  kilowatts,  its  niaximimi  rise  of  temperature 
will  not  exceed  Ho  C'  (by  thermometer)  when  it  is  operated  continuously 
with  non-inductive  full  load;  its  maximum  rise  of  temperature  will  not 
exceed  55  C  when  it  is  run  for  two  hours  at  50  per  cent  overload  non- 
inductive.  Its  full-load  reji:ulation  will  be  G  per  cent  with  non-inductive 
load,  and  18  per  cent  with  80  j)er  cent  power  factor. 

When  this  same  nuichine  is  rated  at  800  kilowatts,  its  maximum 
rise  of  temperature  will  not  exceed  40  C  (by  thermometer)  when  it  is 
operated  continuously  with  non-inductive  full  load;  its  maximum  rise  of 
temperature  will  not  exceed  55  C  when  it  is  run  for  two  hours  at  25  per 
cent  overload  non-inductive.  Its  full  load  regulation  will  be  8  percent 
with  non-inductive  load,  and  22  per  cent  with  80  per  cent  power  factor. 

In  general  the  rated  power  outj)ut  of  any  alternator  may  be 
20  per  cent  higher  with  a  permissible  rise  of  temperature  of  10  C 
and  a  regulation  of  8  ])er  cent  on  non-inductive  full  load,  than 
with  a  permissible  rise  of  temperature  of  i35'('  and  a  regulation  of 
6  per  cent  on  non-inductive  full  load. 

6ia.  American  Institute  Rules  on  Ratings  and  Overload 
Capacities.  In  order  to  establish  a  deiinite  and  uniform  basis  for 
rating  alternators  and  for  guaranteeing  their  perfonnance  in  serv- 
ice under  normal  full  load  as  well  as  overload,  the  followintr 
rules  have  been  adopted  by  the  American  Institute  of  Electrical 
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EiiiTi-irt'^-    TLv  :  7.*i.>*ri'  'i.  y«iTvatbr>es  are  t be  ]iarai;ra|>li  luinibers 
uf  ihr  :vv:>t*'i  rr>.^r:  of  :iir  Ii-fTiiuied-nniLsittee  on  Standardization: 

•*  T>  r»v»r:;  t'c\-;rifA]  aii  1  nieili&nur*!  j»ower  should  be  expressed  iu 
kiKwjitt*,  txvvji  \ii.tn  oiberu  ;se  >jitr,-i:ie*1.  Alteruatiug-cuirent  appa- 
r.i:u>  >lK*'.::«i  :f  rau-l  ia  k:-  -waTis  ^  r.  ihe  l»a>:2s  of  nou-iuduetive  eimdi- 
ii.ii.  I.  T  .  >fci:li  tL^  V urreui  i:i  \  ::&?<  u ilb  the  tenniual  voltagre. 

•  T  Tiiu>  1*1-.  t  tvir^- ]••'«■«:  T  iTriierate*  I  l»y  an  alteni  at  in  ^-current 
si»j»ar.-iii:>  e  .issls  ;:>  ra::::;:  %»:..y  a:  :.  n-induilixe  K»ad.  that  is,  when  the 
furiviil  i>  r.i  ]  iiS^^e  i*:;:i  iht  urn. .:;:-!  '.  ^-iiAire. 

•*  TT      Aj 'j  :irt:.:  i-.^wt'  >i:.u.  i  *«c  cxj.ivs>ed  in  kilov;)]t-ani|>ere8 ai* 

••  T**  If  a  5v»\\tr-:'jiv:'T'  «'::.tr  t  an  ii«^t  j^-r  eent  is  K|>eci(ied.  the 
raiiij::  >hoi;".  i  !%•  txvr<.»ei  .r.  kiU  » . '.:-a:ni^r\e>  and  |K»wer  factor  at  full 
load. 

••  T"  The  i.;".'.--';»i  v.;:ri'.:  o'  a-.,  t\--:ric  iienerator  is  that  current 
whioli,  Miih  ilie  miei  :u'.i-'oati  :c::ii:!.a;  ^.-.laiie.  i:i\esi  the  rated  kilowatts, 
I'Ul  HI  a*.lerMair.-i:-i',.r:x:::  ai  jvArai.;>  *-:.'.v  :•.:  ntin-inihictive  load. 

••  ** '  Tvr.w.  i:i  machiv.e^  i:i  w  V.:.-li  the  full-load  voltage  difiers  fmni 
the  ni»-li»al  \olia::v.  ilvo  u::i-!  »a  \  •.  .:rr\^:n  ^h•»uld  refer  to  the  fonner. 

••  li  r      raii::^  of  a:i  e'.iviro  iit?!! orator,  and  E  =  full-load  terminal 

/    -     -  in  a  i>«ii I; :r.o»u^ '.'urrvnt  uiav!i:!KM»r  sini:le-phaj«e alternator. 

t: 

r 

I  I'l  a  tiirtx^i  ha>e  ailfr:-au*r. 

/  -  -  in  a  ■lUarUT-ihaj'e  aller:iati«r, 

'2  h: 

•  v»  All  uuaraniev'>  «'Ti  hoat-ni:,  rt»::iiIaiion,  >parkin^.  etc..  should 
apply  t«»  the  raled  l»»a«l.  exocpl  w  here  ex-|'re»ly  >peeirieii  otherwise;  an<i 
ill  alternalinir-i'urrent  apiaraiu^.  to  the  eurrent  in  phase  with  the  termi- 
nal e.ni.f..  except  where  a  pha>e  <li>pla^.-enient  is  inherent  in  the  appa- 
ratus. 

'•  ^«i»  All  apparatus  >htuiM  l^e  ai.U.-  id  earry  the  overload  8|>eciliei 
ill  Serlioii  ^•-.  wiiliout  ^el^Hle>^^lu•lion  ly  lieaiini:.  sparkinjr,  mechanical 
weukne— *.  ei«'..  ami  n\  ilh  an  inrrea>e  in  temperature  elevation  not  excee<i- 
inir  1">  ( '  a'M»\e  tlio>e  speriiled  lor  lull  Inails.  th.e  overload  being  applied 
alter  lie  apparatus  lia^  ae«|Uire«l  the  temperature  eorresiHUiding  to  full- 
load  4-ontiuuous«»perali«)n. 

..  <,i .  Overload  truarantees  should  refer  tt»  normal  condition^t  of 
operation  reirard in;:  speed.  rre«jueney.  \oltaire.  etc.:  ami  tt>  non-inducti\e 
<-oni|ition^  in  alternatini;  api»aralu>,  exi-ept  w  here  a  phase  displacement 
i^  Inherent  in  the  apparalu>. 

"  <r'i     The  rollowinir  overl»)ad  eapaeities  are  recoiniuende<l : 

»'lJt  111  direet-<*urrent  jrenerat«us  and  alternalimr-current  gener- 
ators -2.-)  per  cent  for  two  h«>urs. 
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**2d.  Indirect-current  motors,  induction  motors,  and  synchronous 
ixnotors,  not  including  railway  motors  and  other  apparatus  intended  for 
intermittent  ser\'ioe — 25  per  cent  for  two  hours,  and  50  per  cent  for  one 
:xninute,  for  momentary  overload  capacity. 

"3d.    Synchronous  converters — 50  per  cent  for  one-h"alf  hour. 

**4th.  Transformers— 25  per  cent  for  two  liours.  Except  in  trans- 
formers connected  to  apparatus  for  which  a  different  overload  is  guaran- 
teed, in  which  case  the  same  guarantees  shall  apply  for  the  transformers 
as  for  the  apparatus  connected  thereto. 

**6th.  Exciters  of  alternators  and  other  synchronous  machines — 10 
per  cent  more  overload  than  is  required  for  the  excitation  of  the  synchro- 
nous machine  at  its  guaranteed  overload,  and  for  the  same  period  of  time. 

**  7th.  All  exciters  of  alternating-current,  singie-phane  or  polyphase 
generators'  should  be  al)le  to  give,  at  constant  speecl,  sufficient  voltage  to 
excite  the  alternator,  at  the  rated  speed,  to  the  full-load  terminal  voltage 
at  the  rated  output  in  kilovolt-amperes  and  with  50  per  cent  power 
factor  " 

61b.     Alternating-Current    Testing    in    General.      In    the 

commercial  testing  of  alternating-current  apparatus,  as  in  that  of 
direct-cnrrent  apparatus,  the  object  of  the  tests  is  to  determine  the 
performance  of  the  apparatus  under  normal  working  conditions. 
Care  must  be  taken,  therefore,  to  carry  out  each  test  under  the 
normal  working  conditions  with  respect  to  speed,  voltage,  fre- 
quency, etc.  Errors  of  observation  may  be  greatly  reduced  by 
taking  a  series  of  observations  instead  of  a  single  observation  or  a 
single  set  of  observations.  The  observations  of  this  series  should 
be  plotted  point  for  point,  and  a  smooth  curve  drawn  through  the 
points  in  such  a  way  that  the  points  wmII  be  equally  distributed  on 
both  sides  of  the  curve. 

Different  classes  of  apparatus  require  different  tests  ;  more- 
over, the  same  test  maybe  performed  differently  on  different  kinds 
of  machines.  For  the  sake  of  convenience  the  difTerent  classes  of 
apparatus  treated  will  be  taken  up  in  the  following  order: 

(1)  Alternating  current  generators  ;  (2)  Synchronous  motors  ; 
(3)  Transformers  ;    (4)  llotary  converters  ;    (5)  Induction  motors. 

Every  piece  of  electrical  apparatus  must  satisfy  two  vital 
requirements,  namely  : 

(a)    It  must  have  insulation  of  sufticient  strength  to  stand  safely 
the  voltage  at  which  it  is  intended  to  be  operated. 

(6)     It  must  not  overheat  under  normal  working  conditions. 

Faulty  insulation  must  be  carefully  guarded  against,  since,  by 
the  breaking  down  of  the  insulation,  the  apparatus  may  be  put  out 
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of  servici*.  In  the  case  of  transformers  for  lighting  service,  a 
breakdown  of  llie  insulation  l»et\vetMi  the  ]>rimary  and  secondary 
coils  endangiTs  the  life  of  j»ers<.>ns  coniinir  in  contact  with  fixtures 
on  the  sivondary  circuit.  ^Overheating  a  machine  causes  a  gradual 
deterioration  of  the  insulation,  which  may  tinally  result  in  a  com- 
plete  breakdown  of  the  a|i|iaratus.  Overheating  must,  therefore, 
lk»  avoideiK 

6ic.  Insulation  Testing.  There  are  three  distinct  kinds  of 
insulation  tests: 

^ci^  The  (leienuiuation  nf  the  eUetrieal  resistance  of  the  iu&<uiatiou 
iu  ohms. 

^6^  The  subjei'tiuir  of  ihe  insulation  of  an  apparatus  to  a  prescribed 
voltage  in  exi-essof  the  rateil  \i»llajre  of  the  apparatus.  This  test  is  in- 
tendetl  to  insure  tliat  the  apparatus  will  o|>erate  safely  at  its  rated  voltage. 
It  is  fre*|ueuily  ealleil  the  **  test  of  dieleelrie  strength  ". 

yc^  Tlie  subjei*ting  o(  the  insulaiion  to  a  voltage  which  is  increased 
until  tlie  insulation  is  puuetureil  or  breaks  down.  This  is  called  the 
"breaknlown  lest". 

(^t\  The  insulation  resistance  test,  or  in  other  words,  the  de- 
termination, in  ohms,  of  the  resistance  of  an  insulation,  is  usually 
made  bv  measuriuir  with  a  st:;<::ivr  i^alvanometer  the  very  small 
curn*nt  that  is  forci\l  lhroHi:h  l!ie  insulation  by  a  known  direct 
or  steady  i-uvirxuiuuiNc  forvv.  The  vai;;e  of  the  resistance  is  equal 
to  the  eUvirx^niotivi'  fi»rvv  liiviui-^i  \t\  the  current. 

The  n^sisiaiKv  iu  oli::.s  ^»f  the  insulation  is  of  only  secoudary 
imiH>rlanvv  as  co!^ijKH\'\i  w::h  liie  dieUvtric  strt^nirih  or  the  resist- 
ance to  iU[»:u!V  l>v  hiixh  vo'iav^i*.  I::si;Ia::v»ii  resistan«.v  tests  should, 
if  ^o^sibU^  Iv  r.iade  usiivjr  :iu-  t  'tvtri»:r.o:ive  force  for  which  the 
apjKinilus  is  desio;iol. 

The  insiilatioii  i\^sis:a:Kv  i^t  the  cvur.pieie  a|i|iaratus  should  be 
such  that  the  niiixl  voltai:^'  ^'f  the  :i{*j<irarus  will  not  send  more 
than  .  .  .*  of  t:ic  fi;I!  \Kui  euri\:i:,  a:  the  rated  terminal  volt- 
ai^\  thrvuio:h  the  insulation. 

» ' )  Tilt*  test  of  dielectric  stren$:th  is  usually  made  as  fol- 
lows:  The  tern:iiia!s  of  tiu-  siwiuiarv  ^\>il  of  a  step- up  •' high- 
iH>tentiar'  tnuisfonuer  are  oot.tuvtixl  to  the  terminals  of  a  spark 
iXauixi*  and  to  the  tormina's  of  the  i:isu'ation  to  l»e  tested,  as  shown 
in  Fii*.  K>4.  The  ri^u^v  shows  that  the  apjiuratas  under  test  and 
the  sivHrk  ir^ip  are  cv>iiiHvie\i  in  jvirallel  between  the  terminals  of 
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tlio  Btfoiiilary  (IiigIi-voItiit;e)  coil  of  tlii;  tti'Stiug  trail Bfontior,  Tlie 
sjNirk  jLpuige  (see  article  32)  is  set  at  a  Bparkiiiir  distance  corrc- 
s]><>i)iling  to  the  voltafje  to  lie  nstni  in  tlio  teat;  und  tliu  volliiffe  ia 
iinrreasttl  by  adjusting  tiio  wattr  rheostat  in  series  with  the  pri- 


CONNECTIONS  OF 

HIGH  POTENTIAL  TESTING  THANSFOHMER 

lOOOD  VOLTS 


7Ip)p(n-BCu3  under  Te 


Fig.  154. 
mari'ilow-v-oltago)  coil  of  the  transformer,  until  eithwr  the  insulation 
JB  punctured  or  tho  desinni  voltage  is  reaclitnl,  jis  will  be  indicated 
liy  tfiM  sparking  across  the  gap  tn^tween  the  needle  jwiiiln.   . 

Fig.  154  shows  the  ek-ctrical  connections  for  carrying  out  a 
test  of  dielectric  strength  on  a  certain  conmiercial  trunsforiiier 
marked  in   the  figure  "ajijiaratua  under   test".     It  will  be  seen 
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that  onp  tt^rminal  of  tht^  bigh-voltage  coil  of  iht^  tilting  IniDs- 
foriiier  is  coiiiit^-te(l  to  one  terminal  of  the  primary' coil  i  at  the  left  I 
of  (he  transformer  iiniler  test,  and  the  other  teniiinal  of  the  faigli- 
roltajre  coil  of  the  testing  transformer  is  connected  tooneuf  the 
four  terminals  of  the  secondary  coils  of  the  transformer  nnder  test, 
Tlie  higli  voltage  is  therefore  applied  to  the  insulation  l)etween  the 
[iriiiiarv  and  secondary  coils  of  the  transformer  nnder  test, 

Ti-sis  of  dielectric  strength  are  made  with  voltages  ran^iiitr 
from  lA  to  10  times  the  rated  tenninal  voltage  of  a  piece  of  appa- 
ratus, Hfcording  to  the  rated  voltage  and  output  of  the  apparatus. 


Kig.  155. 

[■'(ir  exumjile,  a  tiiinsforirier  of  any  output  wliose  rated  tenuiual 

vollagf  is  2IMHI0  would,  according  to  the  recuiniiiendutions  of  the 
ATiiericaii  Institute  of  Electrical  Engineers,  lie  tested  with  80,000 
volls,  wlicrcuH  a  l.OOO.voIt  transformer  would  he  tested  with  3.300 
viilts.  An  induction  motor  under  10  11. P.  rated  at  110  volts 
would  lie  tested  with  1.01)0  volts. 

I')  The  break-down  test  is  freipieiitly appliwl  in  the  testing 
of  siiiiill  siiuipha  of  insulating  inatcriiil.  For  example,  a  sheet  of 
fidler  lioiird,  iiiicii-c^nvaB,  oiled  lineTi  or  clotli,  would  l>e  clamped 
hi'tween  sheets  (if  metal  eoiiiiected  to  the  lenninals  of  th«  high- 
volliige  coil  of  the  tcstiiig  transformer,  niid  the  voltago  would  l>e 
iiiiTi'jiseil  until  the  insulation  was  punctured,  the  voltage  producing 
puMcturc  tn'iiig  rei'orded.  A  basis  is  thus  obtained  for  the  accept. 
anei-  or  ivjcctiim  by  the  purchaser  of  a  lot  of  insulating  material. 
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The  following  table  gives,  in  inches  and  in  centimeters,  the 
S[)arkiug  distances  in  air  between  opposed  sharp  nwdle- points, 
corre8j)onding  to  various  effective  ntnusoff/al  voltages.  The  volt- 
ages are  expressed  in  kilovolts  (1  kilovolt  ^=  1,000  volts).  Fig; 
155  is  a  curve  plotted  from  the  data  given  in  the  table  and  shows 
graphically  the  relation  between  sparking  distance  and  voltage. 
Tlie  voltage  corresponding  to  a  given  sjwirking  distance  varies 
greatly  with  the  8har])ne8S  of  the  needle-points,  and  with  the  shaj)e 
of  the  electromotive  force  wave. 

TABLE  III. 

Sparking:  Distances  for  Various  Voltages. 


Kilovolt  8. 

DlstaiKM'. 

KllovoltK. 

Dis 

tauiM-. 

Sq.  Root  of 
Mean  Square. 

Sq.  Root  of 
Mean  Square. 

Inches. 

Cms. 
0.57 

In<hes. 
4.(m 

("ins. 

5 

0.22;3 

11.8 

10 

0.47 

1.19 

70 

5.8.J 

14.9 

15 

0.725 

1.84 

SO           1 

7  1 

18.0 

*20 

1.0 

2.54 

90 

8.35 

oi    .> 

25 

i.a 

3.3 

1(K) 

9.0 

24.4 

30 

1.H25 

4.1 

Ui)          ' 

10.75 

27.3 

:i5 

2.0 

5.1 

120 

1 1 .85 

30.1 

40 

2.45 

(12 

130 

l*i.95 

32.9 

45 

2.95 

7.5 

140 

13.95 

35.4 

50 

1 

1 

3.55 

9.0 

150 

1 

15.0 

38. 1 

Sometimes  the  value  of  the  voltage  aj)plied  to  the  apparatus 
is  not  measured  by  the  spark  gauge,  but  is  inferred  from  the  read- 
ing of  §  low-reading  voltmeter  connected  between  the  j)oints  A 
and  B  in  Fig.  154.  Thus,  if  there  are  100  tinu^s  as  many  turns 
of  wire  in  the  secondary  (high -voltage)  coil  of  the  testing  trans- 
former as  in  the  primary  coil,  then  the  readings  of  the  voltmeter 
connected  as  specified  must  be  multiplied  by  100. 

6id.  Characteristic  Curves  and  Tests  —  Saturation  Curve. 
The  saturation  curve  of  a  generator  shows  the  relation  between  the 
volts  generated  in  the  armature  and  the  amperes  of  held  currreiit 
(or  am j)ere- turns  of  the  Held),  for  a  constant  armature  current. 
The  armature  current  may  l>e  zero,  in  which  case  the  curve  is 
called  no-load  saturation  curve,  or  sometimes  the  open-circuit 
characteristic  curve.  A  saturation  curve  may  be  taken  with  full-x 
load  current  in  the  armature  ;  but  this  is  rarely  done,  e.veept  in 
.alternators  of  comparatively  small  output.     If  a  full-load  satura 
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tion  curve  is  desired,  it  can  be  approximately  calculated  from  the 
no-load  saturation  curve  and  the  curve  for  synchronous  impedance, 
as  will  be  explained  later. 

The  diagram  of  connections  for  determining  the  no-load 
saturation  curve  is  shown  in  Fig.  150.  The  alternator  is  repre- 
sented as  a  three-phase  machine  of  the  revolving-field  type  (arma- 
ture is  stationary).  The  Held  winding  is  connected  through  slip- 
rings  d  and  t%  and  brushes^' and  y,  to  an  ammeter  A,  and  through 


A/remator 


Q         O         Q 


LUlAlUft 


7b  exclten 


AAAAA/>AAA 
r  f 


c/  e 


msm 


Rot  en  tied 
Trartsformerr 


Fig.  150. 

an  adjustable  resistance  y,  to  the  exciter  or  other  direct-current 
source.  A  voltmeter  V,  is  connected  across  the  field-winding  ter- 
minals to  measure  the  voltage  applied  to  the  field  winding.  The 
voltmeter  V„  for  measuring  the  voltage  generated  by  the  nuxchine, 
is  connected  directly  to  two  of  the  armature  terminals,  (t  and  c^  in 
the  case  of  a  low- voltage  machine.  If  the  voltage  generated  is 
greater  than  the  capacity  of  the  voltmeter,  a  multiplying  coil  or  a 
step-down  potential  transformer  may  be  used  to  reduce  the  electro- 
motive force  to  be  measured.  For  very  high  voltages  a  potential 
transformer  must  be  used. 

A  series  of  observations  of  the  electromotive  force  between 
the  terminals  of  one  of  the  j)hases,  such  as  a  and  i\  is  made  for  dif- 
ferent values  of  the  field  current.     Eight  or  nine  points  along  the 
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Te  are  usually  sufficient,  the  series  extending  from  zero  electro- 

'^ive  force  to  about  fifty  j)er  cent  above  normal  rated  voltacre. 

^  points  should  l)e  taken  more  closely  together  in  the  vicinity 

*ormal  voltage  than  at  other  portions  of  the  curve,     (^are  must 


Amperes  /n  ne/cf 
Fig.  157. 

l>e  taken  that  the  generator  is  run  at  its  rated  HptH.*d,and  this  speed 
must  be  kept  constant.  Deviations  from  constant  speed  may  be 
most  easily  detected  by  the  use  of  a  tachometer. 

If  the  machine  is  two-phase  or  three-phase,  the  voltmeter  may 
be  connected  to  any  one  phase  throughout  a  complete  series  of 
observations.  The  voltage  of  all  the  ])hases  should  be  observed 
for  normal  full-load  excitation  by  connecting  the  voltmeter  to  each 
phase  successively,  keeping  the  lield  current  constant  at  normal 
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voltage.     This  is  done  in  order  to  see  how  closely  the  voltnge  of 
the  different  ])hH8e3  atrree. 

The  observations  required  for  the  determination  of  the  satura- 


tion curve  are  the  followincr-. 


Volts  at  Armature 
TeniiinalM,  Vo. 


Amperes  in 
Field,  A. 


Volts  at  Field 
Terminals,  Vi. 


Speed. 


mm 


^^i  1 1% 


Fig.  157  shows  a  saturation  curve  taken  from  a  2,000-kiIo- 
watt  three-phase  alternator  of  the  revolving-Held  type,  having  10 
j)oles,  and  generating  2,000  volts,  and  570  amperes  per  phase, 

when  run    at  300  revolu- 
tions per  minute. 

Fig.  159  gives  a  num- 
ber of  curves  for  a  two- 
phase  135.kilowatt  2,400- 
volt  ()0-cycle  S.  K.  C. 
inductor  alternator.  In 
particular,  the  uo-Ioad  sat- 
uration curve  is  shown 
giving  the  relation  between 
the  iield  current  and  the 
voltage  between  armature 
terminals  of  one  phase. 
This  curve  shows  that 
nearly  7  amperes  of  field 
current  is  required  to  give  rated  voltage  (namely  2,400)  at  no  load. 
The  Held  current  required  to  give  voltage  at  full  non-inductive 
load  is  S.8  amperes,  as  is  explained  in  article  04  on  regulation. 
From  the  saturation  curve  it  is  evident  that  this  full-load  field 
current  will  produce  about  2,()25  volts  at  no  load. 

62.  Synchronous  Impedance.'^  The  synchronous-impedance 
curve  shows  the  relation  between  armature  voltafife  pnd  armature 
current,  the  armature  being  short-circuited  so  that  the  only  condi- 
tion  that  limits  the  current  for  a  given  voltage  generated  is  the 
synchronous  imj)edance  of  the  armature.  This  is  niaterially 
different  from  the  imj>edance  of  the  armature  when  the  machine 
is  standin^x  still. 

♦See  Article  41. 
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The  connectjona-  for  this  test  are  similar  to  tlios<«  for  tlio 
satumtiun  curve,  except  tbat  the  volti'ieter  (or  potential  trans- 
iormer)  connected  to  the  armature  is  repWt*d  hy  an  ammeter.  It 
tW  current  is  beyond  the  capacity  of  the  ammeters  at  hand,  a  cur- 
rent transformer  may  bo  connected  in  tin-  place  of  Ilie  lunmeter, 
and  the  ammeter  connected  to  its  secondary. 
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Fig,  159. 

A  series  of  observations  is  to  bo  taken  ot  tlie  current  in  the 
Armature,  with  the  latter  short-circuited  through  the  arnmeter. 
for  diiferent  tield  currents,  commencinif  at  a  very  low  value,  and 
increasing  the  field  current  by  snccessive  Btejia  until  tlie  armature 
current  has  readied  a  value  of  100  per  cent  above  its   rated  full- 
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load  valne.  The  Uet  few  resdiDga  must  be  iiisdu  qnicklj  to  pre 
vent  undue  heating  of  the  armature.  The  armature  wiudiD 
should  )«  at  approximately  normal  temperature  when  the  test  i 
made.  The  epeed  Bhould  be  kept  approximately  at  the  rate 
speed  of  the  machine.  It  is  not  as  essential  to  keep  the  spee 
constantly  at  rated  value  as  when  observations  are  being  made  fo 


the  dctttritiiutitioii  of  the 
be  recordini  are  the  follow 


observations  t< 


riuliittls.  i^peca. 

p'ig.  Itil  flliowa  ti  curve  giving  the  relation  In'tween  electromo 
live  form  induced  in  the  armature  and  the  current  in  thearmatur 
when  Hhort-circnited  through  an  ammeter.     This  figure  relates  t 
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the  same  2,000- kilo  watt  alternator  whose  saturation  curve  was 
given  in  Fig.  157.  The  electromotive  forces  plotted  in  this  figure 
are  not  observed  values,  but  the  field  excitations  required  to  pro- 
duce them  are  observed,  and  the  electromotive  forces  correspond- 


Amperes  tn  Armature 

^  ncT  to  these  field  excitations  are  taken   from    tlu^  saturation  curve, 

Vig.  157. 

The  total  electromotive  force  induced  in  the  armature  for  a 

jgriven  value  of  the  iield  current  may  l)e  read  off  from  the  no-load 

saturation  curve  of  the  machine,  ol)tained  as  ])reviously  descril)ed. 

A  curve  may  then  1x3  j)]otte<l  witli  the  electromotive  force  induc^nl 

in  the  armature  as  ordi nates,  and  tin*  obst^rved  armature  currents 

^un  short  circuit)   as  abscissas.     This  curve  is  sometimes  called 
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the  synchronous  impedance  curve,  althoagh  it  does  oot  explicitly 
bIiow  the  values  of  the  pyiichronoiia  iiiipedaiice  of  the  arinatare. 
The  ByncLronoUB  iiii[K-<laiK-e  of  the  antiature  for  a  given  value  of 
arinature  current  may,  however,  be  derived  from  this  carve  by 
dividing  tlie  total  electromotive  force  induced  in  the  armature 
(ordinate)  hy  the  corresponding  value  of  the  short-circuited  arma- 
ture current  (ahscisSB).     For  example,  the  syiiohrouous  impedance 


correspond  ini; 

phasti  (if  tlio  1 


5T(>  iimjxrea  {wii 
liiii')  is 


ia  the  full-load  current  rier 


U]H- 


:    l.i)'.)   (lIlM 


yyuclininiiuK  iiii|Mtianw  is  urff-d  as  a  IhisIs  for  the  pretlettr. 
niination  of  tlie  regulrttinn  of  the  iniu-hine.  thereby  avoiding  the 
trouble  and  exjH'nse  of  an  aclual  test  of  regulation  under  full  loi«l. 

Tlie  syiiehronoua  iinjieilance  iif  an  alternator  armature  is  very 
nearly  iMpiiil  to  llie  synehmnons  reactance  of  the  armature,  inati- 
nincli  as  the  nninilnre  resistance  is  usually  small.  Moreover  the 
ekftromotive  force  retpiireil  to  (iverconie  synchronous  reactance  is 
very  nearly  eipial  to  llie  eleetninmtive  foR-e  rerjuired  to  overcome 
aynchroiKius  un  |((-(i:inei'. 

63.  Determinatiun  of  Resistance  of  Armature.  In  the  case 
of  a  three-plijiae  uriiiiiture.   the   ivsistance  jwr  phase  cannot  be 
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measured  directly  between   collector  rings,    since   there  are  two 
phases  in  series  between  collector  rings  in  a  Y -connected  arma- 
ture; while  in  case  of  a  A-conneeted  armature,  two  phases  in  series 
are  in  parallel  with  the  third  phase  between  any  two  collector  rings. 
The  resistance  j)er  phase  can    be  measured  either  directly  by 
Wheatstone  bridge  and  galvanometer,  or  by  the  ''  fall  of  poten- 
tial  "  method.     In  the  case  of  a  Y-connected  armature  the  resist- 
ance    per    phase    is    one-half    the   resistance   between    terminals, 
]>r6vided  that  the  resistance  of  all  the  phases  are  alike.     In   case 
the  resistances  of  the  phases  are   unequal^  the  resistance  of  any 
phase  may  be  deduced  as  follows  : 

The  resistance  between  termi- 
nals A  and  B,  Fig.  lf)3,  is: 


Rah  =  ^i  +  h. 


(!) 


The  resistance  between   termi 
Yials  B  and  ('  is: 


IIbc  =  h  -\-  r. 


{!!) 


The  resistance  between   termi 
s^^als  C  and  A  is: 


hen 


a  ^  R^xH  -  f' 
h  =  line  -  ^' 


r  —   R^,^  -  a 
•Substituting  (v!)  in  (v)  we  obtain: 

^Substituting  (m*.)  in  (ir)  we  obtain: 

a  =  Rab  -  Im3c  +  I^CA 


(/v7) 


-  <f. 


from  which 


a  = 


R-AB  ~  Rwr^  -r  R 


BC? 


CA 


Similarly  we  find:    b  =  ^^Bc^-J^^Jk", 


and 


,.   _    ^CA    "   ^AB 
6 -.^^- 


t    R 


BC 
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If  K^jj  =  Ky^  =  11^,^,  then  ft  =  h  ^-=  r  =  — ;^.       For  a 

A-coniiectiHl  aniiature  with  vqual  resistances  per  phase,  the  resist- 
ance per  phase  equals  |  times  the  resistance  l)etween  tenuinals. 
The  general  expression  for  the  resistance  of  any  phase  can  be 
(leduce<l  as  in  the  above  case  for  Y  connection.  In  this  case 
there  are  two  circuits  between  A  and  B,  one  through  the  phase  </, 
and  the  other  through  phases  h  and  c  in  series,  as  shown  in 
Fig.  10-4.  Remeiiiliering  that  the  joint  resistance  of  two  (or  more) 
circuits  in  parallel  is  the  reciprocal  of  the  sum  of  the  reciprocals 
of  the  resistances  of  the  several  branches,  we  have: 


'AB 


I^BC j- 


<l         fj  +  o 

1 


+ 


If         c  -\-  a 
R      -  ^ 


Fig.  1<)4.  ''  c(  -f  // 

From  these  three  equations  the  three  unknown  quantities  ^/,  //,  and 
r,  may  be  found  by  alirebraic  elimination  as  in  the  case  of  the  Y 
connection. 

64.  Regulation.*  The  saturation  and  synchronous  iiupe- 
dance  curves  of  an  alternator  together  with  the  resistance  per  phase 
of  the  armature,  are  all  the  data  recjuired   for  the  computation  of 


tlu^  reirulation  of  an  alternator.     The  direct  determination  of 


In 


lation  by  observation  w'ould  be  as  follows: 


regu- 


"The  alternator  would  be  run  at  normal  rated  speed,  delivering 
rated  full-load  current  with  rated  full-load  electromotive  force  at  its  ter- 
minals. The  main  circuit  would  then  he  opened,  thus  reducing  the  cur- 
rent output  to  zero.  The  excitation  would  he  left  unchanged,  and  the 
rise  of  terminal  electromotive  force  would  be  observed.    Then, 

„       ,  ^.      .  .  riseof  terminal  electromotive  force  ^^ 

Regulation  m  i)er  cent.  —     -  — ,  „  -rr-. — j- -. — r— 5 — — x  100. 

"  '  rated  full-loa<l  termmal  electromotive  force 

This  direct  determination  of  recru lation  by  observation  is  not 

feasible  with  large  machines,  on  account  of  the  large  amount  of 

*  See  article  4*J. 


jf>ower  rec]uired.     Iti  all  practk'iil  testing  the  rcgulHtiuti    may  Iw 
cletermiiiLHl  indirtKrCly  liy  uak-iilHtiuii  aa  fotluwa: 

Wbeii  Ihe  &lteruator  ia  operatiug  ut  Tull  luai),  tlie  total  electivmutive 
f-orce  iDduc^  in  tlie  armature  exceeilti  the  leriniualeleotruiuutlve  Toroe  hy 
Xiie  ajuouut  lost  ia  overcomlog  armature  real  stance,  and  iiy  tLe  amouut 
I'Ost  in  nver<.!<imlug  tbe  syDchrcnous  reactam>e*  or  the  annatiire. 


Ia;1  E  be  tLo  total   induced  electromotive  force  in  the  arma- 
I  t'lfe  of  an  alternator.  E[  the  terminal  elettromoti ve  force  at  full 
_*^«^.  Ill  the  electromotive  force  lost  in  overconiiug  armature  resiBt- 
•  fiee  article  ^l. 
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•DCB,  and  Xl  tbe  electroniattTe  force  lost  in  arvreomtng  (lie  bj 
chroooas  n«cUac*>  of  the  amialDrv.  The  HtJCirDniotiw  foi 
mjnitvi  to  pruditoe  die  i-om-nt  I  through  the  ebort-circoit 
■nuatnre  may  li;^  foDod  from  tlie  "STnvhronoas  iiuned&nce  carrp' 
I  Fig.  It^il  t  \tj  Uikittg  tbe  ordiiMte  oorrespoDdiDg  to  the  valne  of 
(abecisaai.  Tho  eltctromotive  force  so  fonod  is  oearly  eqnal  to  J 
on  account  of  the  relative  smallin-ss  of  amiaiare  resistance,  an 


Fig.  166. 

especially  on  account  of  the  fac-t  that  KI  and  XI  are  at  right 
KiigloB  to  each  other.  In  other  words,  the  Bynchronone  impetlanca 
IB  in  most  practioal  cases  approximately  eqniil  to  the  synohronona 
reactance. 

Therefore  the  electromotive  foree  fonnd  from  the  synchronooH 
iin[tedanee  curve  may  he  taken  as  the  value  of  XI. 

Kiiiiwlnt;  the  electromotive  force  lost  in  overcoming  the  eynchrui 
reiu^lniR-e,  we  eiin  flixl  Triim  the  tiutiiratUm  curve  tlie  uiiiount  uf  Held' 
exellalliiu  (nEiaciiuut)  reijulriHl  t<i|irmiucelhiMelei.-tromollver()n:e  (or(liuaie)i 
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Tbi«  (ield  excitatiou  is  represeDte<l  by  the  line  OB,  Fig.  167.  Take  from 
the  saturation  eur\'e  the  Held  excitatiou  corresponding  to  rated  terminal 
voltage  at  full  load,  and  represent  it  i)y  the  line  OA,  Fig.  lf)7.  Next  fhid 
the  geometric  sum,  OC,  of  OA  and  OB.  This  OC  represents  the  field 
excitation  required  at  full  load  to  produce  rated  terminal  electromotive 
force.  The  electromotive  force  produced  by  this  excitation  at  zero  load 
may  be  taken  from  the  saturation  curve.  Tlie  difference  between  tlie 
rated  electromotive  force  of  the  alternator  and  the  electromotive  force  ho 
found,  is  the  rise  of  electromotive  force  from  full  load  to  zero  load  ;  and 
this  rise  divided  by  the  rated  electromotive  force  and  multiplied  by  1(X) 
gives  the  regulation  of  the  alternator  in  per  cent. 

The  diagram.  Fig.  167,  applies  to  a  ii<m-inductive  receiving  circuit. 

VVhen  the  receiving  circuit  is  inductive,  the  angle  BOA,  Fig.  167,  should 

be  JK)  -  $,  in  which  $  is  the  angle  of  lag  of  the  current  behind  the  electro- 

xuotive  force  at  the  terminals  of  the  alternator.    The  cosine  of  this  angle 

is  the  power  factor  of  the  receiving  circuit. 

The  above  rule  for  calculating  regulation    is  much   used 

j>ractice,  and  is  recommended  by 

^be   Committee   on    Standardiza- 
tion   of  the   American   Institute 

^Df  Electrical  Engineers;  but  the 

:aru\e  is  open  to  criticism. 

ICxamj}le.    The  synchronous    O' 

impedance  and  saturation  curves  Fig.  167. 

shown  in  Figs.  161   and  157  are 

taken  from  tests  upon  a  A-conneeted  three-jjhase  2,(M)0-K.W.  K). 
pole  2,000-volt  revolving.field  alternator  having  n  sj^oed  of  800 
r.p.m.  The  full-load  armature  current  is  570  ainj)ere8  per  j)hase. 
The  armature  resistance  per  phase  is  0.001)280  ohms.  Hence  the 
III  drop  in  the  armature  ==  (57()  X  0.000280)  -^  5.8  volts. 
E,  =  2,000;  E^  +   III  =  2,000  +  5.8  --  2005.8  volts. 

From  the  saturation  curve,  Fig.  157,  we  iind  that  it  requires 
83.5  amperes  in  the  field  winding  to  generate  this  2,005.8  volts  at 
no  load.  This  represents  the  component  OA  in  Fig.  107.  From 
the  synchronous  impedance  curve.  Fig.  1^)1,  we  tind  that  1,187 
volts  in  the  armature  are  required  to  force  the  full -load  current  of 
576  amperes  per  phase  through  the  armature.  From  the  satura- 
tion curve  we  find  that  1,137  volts  correspond  to  48  amperes  in 
the  field  winding.  The  component  OB  in  Fig.  107  is  therefore 
43  amperes.     The  full -load  field  current 

OC  ^y  OA-  T   Oli-  --  r  48^    }  "S8.5'  ==  08.N  amperes. 
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This  field  current  would  produce  at  zero  load  an  electromotive 
iorcepf  2,109  volts,  as  shown  by  the  saturation  curve.  Therefore, 
according  to  the  definition  of  regulation,  as  previously  explained, 
we  have: 

,,       ,    .           2,109-2,000      ,,_        100        ,^^     ,_ 
liegulation  = oTioo ^  ^^  ^iW)  ^  100=S.4o  per  cent. 

If  the  regulation  had  been  desired  at  a  power  factor  other 
than  unity  (for  instance,  at  85  per  cent  power  factor),  the  field 
current  OB,  Fig.  KH,  would  not  be  taken  at  right  angles  to 
OA  to  find  the  resultant  field  current  OC  at  full  load,  but  the 
angle  BOA  would  be  decreased  by  the  angle  whose  cosine  is 
0.85,  or  by  31.75\  The  resultant  field  current  OC  is  represented 
as  before,  by  the  diagonal  of  the  parallelogram;  but  it  is  no  longer 
equal  to  the  square  root  of  the  sum  of  the  squares  of  OxV  and  OB. 
The  calculation  of  the  regulation  in  case  of  85  per  cent  power 
factor  is  as  follows: 

The  angle  BOA,  Fig.  167,  now  is  58.2.-)-,  and 

OC«  =  OA2  +  ()B2  +  2  OA  OB  Cos.  58.25°, 
whence  OC  =  112  amperes. 

By  referring  to  the  saturation  curve  we  lind  tliat  a  full-load  field  current 
of  112  amperes  would  produce  2,875  volts  at  no  load.  Hence  the  regula- 
tion at  85  per  cent  power  factor  is: 

2^75  -  2,0IH)  ^     875     ^  KM)  =  18.75  per  cent. 

This  example  illustrates  the  general  fact  explained  in  article  42, 
that  the  electromotive  force  at  the  terminals  of  an  alternator  suffers 
a  greater  decrease  in  value  on  an  inductive  load  (power  factor  less 
than  unity)  than  on  a  non-inductive  load  (power  factor  unity)  for 
the  same  current  output. 

Fig.  150  shows  the  regulation  curves  of  a  two-phase  185- 
kilowatt  2,400- volt  ()0-cycle  8.  K.  (\  inductor  alternator.  The 
lower  reirulation  curve  shows  the  recrulation  of  the  alternator  at 
100  per  cent  power  factor  (that  is,  on  non-inductive  load);  and  the 
upper  regulation  curve  shows  the  regulation  of  the  alternator  at 
70  per  cent  power  factor.  The  abscissa  of  a  given  point  on  one  of 
these  regulation  curves  represents  a  given  current  output  per 
])hase  of  the  machine;  and  the  ordinate  of  the  point  represents  the 
voltao-e  obtained  at  the  armature  terminals  when   this  armature 


■torv 
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that  value  which  gives  ilto  rau^l  voltai:^*  of  0,4tK^  volt:?  with  ilio 
given  cnrreiit  oiuput  |K*r  |ih;is<^ 

For  exainjJe,  with  fuiIK^il  oumnii  output,  uiuuelv  0"^.!  :um- 
peres  per  phase  ami  1«h>  jvr  oimu  |Hnvor  faoiorMhe  voltajx^^  rises 
from  2,-WX)  to  HjV^o  *the  onlinate  of  the  n^ulatiou  eurve  for  llH> 
per  cent  power  factor  ci^rresjHHuliuiX  to  the  abscissa  rt*pn\<outinij 
28.1  amperes  of  aruiaturt*  cum'ut*  when  the  K>:ul  is  thnnvu  off 
(armature  curnnit  n^luci^il  to  zcro»  the  ticld  current  reniuiniuiX  im- 
changeil.  From  these  tiata  the  full  Kvui  rejxnlation  of  the  machine 
on  100  jH»r  cent  jHuver  factor  is  ftunul  to  Ih»: 

\   ItH^        «»,4   |HT  cent. 


AVith  half-Io;ui  current  output,  namely  ILOr*  ani|HM'es  jht 
phase,  and  70  j>er  cent  power  factor,  the  volta*^*  rises  fn^ni  0,  hH) 
to  2,(550  when  the  UkuI  is  tlirown  off,  the  tielil  current  ivniaininir 
unchanmH],  From  these  data  the  half-load  reirulation  of  the  uni- 
chine  at  70  jkt  cent  ]K)wer  factor  is  found  to  he: 

'^50 

r  .7w;  X   100  -~-  10.4  iht  cent. 
2,4(K)  * 

These  curves  show  that  the  remdation  (»f  the  machine  is  hiirher  on 
inductive  loads  than  on  non-inductive  loads,  as  was  explained  in 
article  42. 

The  followiuf^  are  the  recommendations  of  the  Anu»rican 
Institute  of  Elei'trical  Eni{inet»rs  concern  in  jr  the  retfulation  of 
alternators  and  their  prinu^  movers. 

'M.oO)  The  term  '  regulation '  nhould  have  the  same  meaning''  as  the 
term  Muhereut  regulation  \  at  present  fre(|uently  used. 

''(51)  The  regulation  of  apparatus  inteiKknl  for  the  generation  of 
ooustaut  ])otential,  constant  current,  constant  speed,  etc.,  is  to  he  measured 
by  the  maximum  variation  of  potential,  current,  speed,  etc.,  occurring 
within  the  range  from  full  load  to  lu)  load,  undersuch  constant  conditions 
of  operation  as  give  tlie  reciuiretl  full-load  values,  tlie  c(»ndition  of  full 
load  being  considered  in  all  cases  as  the  normal  con<lition  of  operation. 

*'(o3)  The  regulation  is  given  in  percentage  of  tlie  full-load  value 
of  potential,  eurrenti  speeil,  etc.;  and  tlie  apparatus  should  he  steadily 
operated  during  the  test  under  tlie  same  conditions  as  at  fidl  load. 

*'(o4)  The  rdgulatlon  of  generators  is  to  he  determined  at  constant 
speed  ;  of  alternating  apparatus,  at  constant  impressetl  fre(|ueiu*y. 
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"(fjo)  The  regulatiou  of  a  generator-unit,  consisting  of  a  generator 
united  with  a  prime  mover,  should  be  determined  at  constant  conditions 
of  tlie  prime  mover,  i.e.,  constant  steam  pressure,  head,  etc.  It  would 
include  the  inherent  speed  variations  of  the  prime  mover.  For  this  reason 
the  regulation  of  a  generator-unit  is  to  be  distinguished  from  the  regula- 
tion either  of  the  prime  mover,  or  of  the  generator  contained  in  it,  when 
taken  separately. 

"(56)  In  apparatus  generating,  transforming,\)r  transmitting  alter- 
nating currents,  regulation  should  be  understood  to  refer  to  non-inductive 
load,  i.e.,  to  a  load  in  which  the  current  is  in  phase  with  the  e.m.f.  at  the 
output  side  of  the  apparatus,  except  where  expressly  specified  otherwise. 

**(o7)  In  alternating  apparatus  receiving  electric  power,  regulation 
should  refer  to  a  sine  wave  of  e.m.f.,  except  where  expressly  specified 
otherwise. 

**(o8)  In  commutating  machines,  rectifying  machines,  and  syn- 
chronoas  machines,  as  direct-current  generators  and  motors,  alternating- 
current  and  polyphase  generators,  the  regulation  is  to  be  determined 
under  the  following  conditions  : 

a.    At  constant  excitation  in  separately  excited  fields ; 

h.    With  constant  resistance  in  ^hunt  field  circuits ;  and 

c.  With  constant  resistance  shunting  series  fields ;  i.  c,  the  field 
adjustment  should  remain  constant,  and  should  be  so  chosen  as  to  give 
the  required  full-load  voltage  at  full-load  current. 

"(59)  In  constant-potential  machines,  the  regulation  is  the  ratio  of 
the  maximum  diflerence  of  terminal  voltage  from  the  rated  full-load 
value  (occurring  within  the  range  from  full  load  to  open  circuit)  to  the 
full-load  terminal  voltage. 

"(HO)  In  cojistant-current  apparatus,  the  regulaticm  is  the  ratio  of 
the  maximum  difiTerence  of  current  from  the  rated  full-load  value  (cKXJur- 
ring  within  the  range  from  full  load  to  short  circuit,  or  minimum  limit  of 
operation)  to  the  full-load  current  at  constant  speed,  or,  in  transformers, 
etc.,  at  constant  imi)ressed  voltage  and  frecjuency. 

"  (f>8)  In  steam  engines,  the  regulation  is  the  ratio  of  the  maximum 
variation  of  speed  in  passing  from  full  load  to  no  load  (at  constant  steam 
pressure  at  the  throttle)  to  the  full-load  speed. , 

"(00)  In  a  turbine  or  other  water-motor,  the  regulation  is  the  ratio 
of  the  maximum  variation  of  speed  from  full  loa<l  to  no  load  (at  constant 
head  of  water,  i.e.,  at  constant  difference  of  level  between  tail  race  and 
head  race)  to  the  full-load  speed  ". 

65.  Heat  Test.  The  beat  test  is  made  by  running  the  gen- 
erator under  full -load  conditions  until  a  constant  temperature  lias 
been  reacbed.  Wben  tliis  condition  bas  been  attained  the  machine 
is  shut  down,  and  the  temperature  of  the  various  parts  is  taken 
by  tbennonieters  placed  against  the  heated  surfaces.  The  resist- 
ances of  the  armature  and  field  windintrs  are  also  measured  while 
ot.     I>y  connMiring  these  *'  hot  "  resistances  with  the  same  resist- 
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ances  previously  measured  at  room  temperature,  the  temperature 
rise  of  the  armature  and  field  coils  can  be  computed.  The  tem- 
peratures usually  recorded  are  as  follows: 

Armature  coils.  Field  coils. 

'*         lamiuatious.  Pole  tip  (leadiug). 

"         veutilatiug  ducts.  **      **    (trailing). 

Frame.  Field  yoke. 

Bearings.  Room. 

Small  generators  are  usually  run  at  full  load,  delivering  their 
output  to  water  rheostats.  During  the  heat  run,  thermometers, 
placed  on  different  parts  of  the  machine,  are  read  regularly.  If 
the  generator  is  of  the  revolving-armature  type,  a  thermometer  is 
placed  against  the  Held  winding,  and  another  thermometer  is  so 
placed  that  the  hot  air  issuing  from  the  ventilating  ducts  will 
come  in  contact  with  it.  If  the  generator  be  of  the  revolving-field 
tyjH?,  thermometers  are  placed  against  the  armature  coil,  on  the 
armature  laminations,  and  in  the  ventilating  ducts.  When  these 
thermometers  do  not  show  an  increasing  temperature,  and  the 
resistance  of  the  field,  as  determined  from  the  field  ammeter  and 
voltmeter,  has  become  constant,  the  machine  is  considered  as 
having  attained  its  ultimate  temperature,  and  is  shut  down  for  the 
application  of  thermometers.  These  thermometers  should  be 
ready  for  immediate  application,  inasmuch  as  the  machine  cools 
off  rapidly.  The  time  taken  by  a  machine  to  reach  constant  tem- 
jxjrature  varies  from  3  to  4  hours  in  the  case  of  a  small  machine, 
and  from  12  to  24  hours  for  very  large  ones. 

The  following  maximum  values  of  temperature  elevation  have 
been  recommended  by  the  Standardization  Committee  of  the 
American  Institute  of  Electriciil  Knijineers: 

Field  and  armature,  60^C  by  resistance. 
Collector  rings  and  brushes,  ooV  by  thenuometer. 
Bearings  and  other  parts  of  machine,  40 'C  by  thermometer. 

The  rise  of  temperature  should  be  referred  to  the  standard 
conditions  of  a  room -temperature  of  25^0,  a  barometric  pressure 
of  760  mm.,  and  normal  conditions  of  ventilation:  that  is,  the 
apparatus  under  test  should  neither  be  exposed  to  draft,  nor 
enclosed,  except  where  expressly  specified. 
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If  the  room-temj)erature  during  the  test  diflfers  from  25^C, 
the  observed  rise  of  temperature  should  be  corrected  by  i  per  cent 
for  each  degree  C.  Thus,  with  a  room  temperature  of  SS'^C,  the 
observed  rise  of  temperature  has  to  be  decreased  by  5  per  cent; 
and  with  a  room -temperature  of  15  C,  the  observed  rise  of  tem- 
perature has  to  be  increased  by  5  per  cent.  The  thermometer  in- 
dicating the  room-temj)erature  should  be  screened  from  thermal 
radiation  emitted  by  heated  bodies  or  from  drafts  of  air.  When  it  is 
impracticable  to  secure  normal  conditions  of  ventilation  on  account 
of  an  adjacent  engine,  or  other  sources  of  heat,  the  thermometer 
for  measuring  the  air- temperature  should  be  placed  so  as  to  fairly 
indicate  the  temperature  which  the  machine  would  have  if  it  were 
idle,  in  order  that  the  rise  of  temperature  determined  shall  be  that 
caused  by  the  operation  of  the  machine. 

The  temperature  should  be  measured  after  a  run  of  sufficient 
duration  to  reach  practical  constancy.  This  is  usually  from  6  to 
18  hours,  according  to  the  size  and  construction  of  the  apparatus. 
It  is  permissible,  however,  to  shorten  the  time  of  the  test  by  run- 
ning a* lesser  time  on  an  overload  in  current  and  voltage,  then 
reducing  the  load  to  normal,  and  maintaining  it  thus  until  the 
temperature  has  become  constant. 

In  making  a  heat  test  of  a  large  alternator  it  is  customary  to 
imitate  full-load  conditions,  electrically  and  magnetically,  so  as  to 
produce  all  the  heating  ell'ects  that  would  occur  under  actual  full  load, 
but  without  taking  any  actual  electrical  power  from  the  alternator. 
To  be  able  to  do  this  is  of  great  advantage  from  two  standpoints: 
lirst,  that  of  convenience;,  and,  second,  that  of  economy.  To 
accomplish  this  desirable  result  the  generator  is  usually  run  on 
short  circuit  with  a  number  of  the  Held  spools  connected  in  oppo- 
sition to  (or  '*  bucked  "  against )  the  remainder;  or,  in  other  words, 
with  the  effective  number  of  poles  reduced. 

To  determine  the  proper  number  of  field  magnet  spools  to  be 
connected  in  opposition,  we  proceed  in  the  following  manner: 

It  was  previously  ex])hiined  that  from  the  saturation  and  syn- 
chronous impedance  curves  of  a  generator,  we  can  determine  the 
field  current  retjuired  to  j)roduce  rated  voltage  at  full  load.  In 
the  case  of  the  2,000- K.W.  generator,  of  which  the  curves  are 
given  in  Figs.  157  and  1<>1,  the  normal  full-load  field  current  was 
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found  to  be  98.8  amperes.  Tills  field  current  would,  if  the  armature 
were  short-circuited,  ])roduce,  according  to  Fig.  KU,  an  armature 
current  of  more  than  1,050  amf)eres,  which  is  greatly  in  excess  of 
rated  full-load  current.  If  the  field  current. w^ere  reduced  to  43 
amperes,  the  armature  current  would  be  normal;  but  the  field  cur- 
rent, and  therefore  the  magnetic  density  in  the  field  magnet  and 
armature  core,  and  the  consequent  iron  losses  in  the  armature, 
would  be  very  much  below  normal. 

In  this  example  we  may  reduce  the  excessive  current  in  the 
short-circuited  armature  to  its  normal  full-load  value  by  reducing 
the  effective  number  of   field    poles  in    the  ratio  of  98.8  to  48 
instead  of  by  reducing  the  field  current  in   this  ratio.     The  alter- 
nator has  K)  field  poles,  and  to  reduce  their  number  in  the  ratio  of 

K)  X  48 
93.8  to  43,  would  leave ^-.7,-- —  —  7.84  ])oles;  but  inasmuch  as 

there  must  bean  integral  and  even  number  of  field  poles,  the  closest 
approximation  to  the  desired  number  is  8  effective  poles.  If, 
therefore,  we  reverse  the  connections  of  any  four  (adjacent)  field 
coils,  the  four  poles  produced  by  these  reversed  fitld  coils  will  be 
reversed  in  polarity;  and  the  electromotive  forces  induced  in  the 
armature  conductors  under  these  reversed  [)ole8  will  be  reversed, 
and  will  balance  the  electromotive  forces  induced  in  the  armature 
conductors  under  four  of  the  unreversed  field  poles,  so  that  the 
electromotive  forces  induced  in  the  armature  conductors  under 
the  remaining  eight  [)oles,  only,  will  be  effective  in  producing 
current  in  the  armature.  That  is,  only  eight  field  poles  will  be 
effective. 

If,  under  these  conditions,  we  short-circuit  the  armature  of 
the  alternator,  it  will  take  approximately  the  full-load  field  cur- 
rent of  93.8  amperes  to  produce  full -load  current  in  the  armature, 
and  the  heat  test  can  then  be  made  under  full-load  conditions — 
namely,  full-load  armature  current,  full- load  field  current,  and 
full-load  iron  losses,  while  the  machine  is  runnincf  on  short  cir- 
cuit,  and  therefore  delivering  no  power.  Only  the  power  repre- 
sented by  the  losses  occurring  in  the  machine,  need  be  supplied  to 
drive  it.  This  is  the  method  used  in  practice.  If  the  normal 
field  current  does  not  give  normal  armature  current,  after  the 
spools  are  connected    in   opposition   as   described,  the  effect  of  a 
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slight  excess  of  armature  current  may  be  approximately  balanced 
by  a  slight  deficiency  of  lield  current,  or  vice  verstf. 

66.  Core  Loss  and  Friction  Test.  For  this  test  the  genera- 
tor is  run  at  nonnal  speed  on  open  circuit.  The  power  reijuired 
to  drive  it,  its  field  current  IxMug  zero,  is  measured.  The  power 
so  measured  is  the  power  lost  in  friction  and  windage.  Then  the 
field  current  is  increased,  stej)  by  step,  until  the  terminal  electro- 
motive foR*e  has  increased  to  from  25  to  50  per  cent  above  its 
normal  rated  full -load  value  ;  the  terminal  Voltaire  is  observeil  at 
each  stej),  the  armature  being  on  open  circuit  (main  switch  o[)en^. 
Tlie  power  requireil  to  drive  the  machine  at  each  of  these  observed 
voltages  is  determined.  This  power  is  used  to  supply  friction  and 
windatre  loss  and  iron  (or  core)  loss  at  the  observed  voltacre. 

The  difference,  therefore,  between  the  T)ower  required  to  drive 

the  machine  at  a  given  volt- 
age on  open  circuit,  and  the 
amount  of  [K)wer  required  to 
drive  the  machine  without 
field  excitation  (that  is,  to  sup- 
])]y  the  friction  and  windage 
loss)  represents  the  iron  loss 
(or  core  loss)  at  the  given 
Voltaire.  FiiT.  108  shows  the 
no-load  core  loss  curve  for 
the  2,0(iO-lv.W.  alternator  of 
which  the  saturation  curve 
and  the  synchronous  irnjH*- 
dance  curv(»  are  triven  in  Kiixs.  157  and  liM. 

The  most  convenient  w:iv  to  measure  the  ] )o we r  delivered  to 
the  alternator  is  to  drive  it  l>v  a  motor  and  measure  the  electricid 
input  to  the  motor.  If  we  deterniine  the  losses  occurring  in  the 
motor  the  difference  between  tlu^  input  to  the  motor  and  these 
losses  is  the  ])ower  delivered  to  the  alternator.  Fig.  100  shows  a 
diagram  of  c()ni])lete  connections  for  the  carrying  out  of  the  core 
loss  test.  A  is  the  alternator  under  test.  Its  voltage  is  measured 
by  the  voltmeter  V,  connected  to  the  secondary  of  tho  potential 
transformer  T.  Its  field  current,  sup])lied  by  tho  exciter  E,  is 
measured  by  the  ammeter  A,  and  regulated  by  the  resistance  Re 
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in  tbu  lield  of  the  exciter.  The  [lower  is  Hii[>|j]itMl  to  the  motor 
M  by  the  direct-current  f^'iiemtor  (J.  Tliis  |H)wcr  is  iiu'iisiircd  by 
tbe  ammeter  A,  and  the  vultiiieter  V^.  The  rimtor  M  is  supurutely 
excited,  its  field  current  being  uieaBiired  by  the  atnineter  A,.  Tbiti 
field  cnrrent  is  kept  coastant  by  ailjtieCing  tht*  rhvosCat  Rp. 

As  the  Held  current  and  voltaiie  uf  the  ^■tici'iUor  under  tiwt 
are  increased,  the  load  on  th<.«  driving  uiolor  M  is  itK-iv.isi-d  iiltto, 
niiice  the  hyateresia  and  eddy  furreut  lows  in  thi"  ffcniTatur,  whicli 
must  be  supplied  hy  the  motor,  are  incn'aseii.     Aa  the  loud  on  the 
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its  field  cnrrciil.  tiinl  thf 


To  evtsfde  source 
of  c/irect  current 

inotur  inc-reases,  it  will  slow  iluwu  i 
voltage  l>etweeu  its  brushes,  rcniiun  ciuiHliuit,  linwcvi'r,  the 
ahernator  to  he  ti-ated  ninnt  Im^  run  at  constant  s|H-ed,  and  it^  E|)«>e<l 
is  controlled  I»y  varyiiifr  the  voltajre  at  ihe  in<)tiir  lerniiimls  by 
means  of  the  field  rheontat  Ivu  of  the  direclenrreiit  <ji'uenuor  f5. 
In  tlie  figure  tlio  field  rluiwtat  It,;  of  the  genenitor  (1.  is  bIiuwij 
Ijesidu  the  alternator  A.  It  is  jjlaced  at  tliis  {xiint  »o  tlnit  the 
man  who  is  ohaerving  the  speed  of  tiie  alterrmtor  ean  kwp  the 
s^ieetl  under  control. 

Tile  input  to  tiie  niotor  armature  in  watts  is  eipia!   to  the 
product  of  the  readings  V.and  A,,     ['art  or  this  input  is  eunsuinttd 
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in  supplying  the  various  losses  in  the  motor  armature,  including 
friction  and  windage;  and  the  remainder  is  converted  into  useful 
mechanical  power,  and  is  transmitted  by  the  belt  (not  shown  in 
Fig.  109)  to  the  pulley  of  the  alternator  A,  which  is  being  tested. 
In  other  words  the  watts  input  to  A  is  equal  to  the  input  to  the 
armature  of  M  minus  the  various  losses  in  the  armature  of  M. 
The  losses  in  the  armature  of  M  consist  of  hysteresis,  eddy  current, 
friction,  windage  and  PR  losses.  Since  the  alternator  is  to  be  run 
at  constant  speed,  the  motor  will  also  run  at  constant  speed  if  there 
is  no  belt  slip,  which  should  be  the  case;  and  since  the  motor  runs  at 
constant  speed  and  at  a  constant  field  excitation,  all  the  losses  in  the 
motor  armature  will  be  constant  in  value,  whatever  its  load,  except 
the  PR  loss.  This  I'R  loss  varies  because  the  current  I  varies  for 
different  loads  on  the  motor.  If  the  speed  of  the  motor  were  reg- 
ulated  by  varying  its  field  current,  instead  of  varying  the  voltage 
applied  at  its  terminals,  the  above-mentioned  losses  in  the  motor 
armature  would  not  remain  constant;  hence  the  latter  method  is 
adopted. 

If  the  motor  be  run  free,  i.e.^  with  belt  off,  the  output  of  the 
motor  will  be  zero,  and  therefore  the  inj)Ut  must  be  used  up  en- 
tirely in  overcoming  the  losses.  Let  E  be  the  voltage  at  motor 
brushes,  and  I  the  current  in  the  motor  armature  when  it  is  run- 
ning free  (or  unloaded),  then  EI  =  stray  }K)wer  +  RP,  where 
'*  stray  })Ower"  equals  the  sum  of  all  the  constant  losses  in  the 
motor  armature  (/.^'.,  hysteresis,  eddy  current,  friction,  and 
windage  losses).     Hence,  stray  j)()wer  :-  EI  -  RI^ 

The  mechanical  or  useful  output  of  the  motor  at  a  given  load, 
the  voltage  applied  to  its  brushes  bfing  E,,  and  its  armature  cur- 
rent bein<£  I,,  is: 

Output  -^  E,l,      ^S^"      stray  power. 

That  is,  the  mechanical  output  is  (Mpial  to  the  total  electrical  input 
minus  the  total  losses. 

The  stray  jK)wer  can  be  determined  once  for  all  by  running 
the  nu)tor  free  (or  at  no  load)  at  the  speed  and  with  the  field  cur- 
rent used  in  the  test  when  E  and  I  were  observed.  Thus,  we  may^ 
determine  the  [M)wer  required  to  drive  A  (the  machine  to  be  tested) 
with  zero  field  excitation  of  A,  in  which  case  we  obtain  its  fric- 
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tion  and  windage  losses;  and  we  may  determine  the  power  re- 
quired to  drive  A  at  any  given  field  excitation  and  voltage,  in  which 
case  we  obtain  the  sum  of  the  friction,  windage,  and  core  (or  iron) 
losses. 

In  carrying  out  the  test  the  following  procedure  is  found 
most  convenient: 

First,  the  motor  is  made  to  drive  tlie  alternator  with  zero  field  cur- 
rent in  the  latter;  and  a  number  of  observations  are  taken,  as  indicated  in 
the  tabular  arrangement  below.  This  is  to  determine  the  friction  and 
windage  loss  of  the  alternator.  Then  the  alternator  is  excited  to  produce 
a  series  of  values  of  terminal  voltage,  for  each  of  which  a  similar  set  of 
observations  is  taken ;  and  so  on,  until  the  voltage  of  the  alternator  has  been 
increased  to  aLK)ut  2*3  per  cent  above  normal  rated  voltage.  The  motor  iH 
now  shut  down  and  its  belt  tlirown  off,  and  it  is  run  unloaded  in  order  to 
determine  its  own  stray-power  losses.  Finally  the  motor  in  shut  down, 
and  the  resistance  of  its  armature  is  measured. 

'  For  each  set  of  readings  the  following  oLmervatiouH  should  be  re- 
corded: 


Motor. 


Alternator. 


Volts  at  Amperes  in  A  nine  res 
BruslieM.    Armature.  I  in  Field. 


Speed. 


Volts  at 
Terminals. 


Amperes   Speed, 
in  Field.  I 


The  amperes  in  the  field  of  the  motor,  and  the  speed  of  the  motor 
aud  generator  are  recorded  merely  to  show  whether  they  liave  been  kept 
ccmstaiit  during  tlie  test.  For  the  L)est  results  the  motor  should  have  a 
rated  capacity  of  from  lo  to  20  per  cent  of  the  rated  capacity  of  the  machine 
to  be  tested. 

Example.  In  a  core  loss  test  of  the  2,000- kilowatt  alterna- 
tor above  referred  to,  the  following  observations  were  taken :  Witli 
zero  field  excitation  of  the  alternator,  the  voltage  a])pli(d  to  the 
motor  armature  and  the  current  in  the  motor  armature  were  510 
volts  and  48  amj)ere8  resjH^ctively.  AVhen  the  alternator  was 
excited  to  give  2,070  volts  between  its  terminals,  the  volts 
applied  to,  and  the  current  in,  the  motor  armature  were  511 
volts  and  117  amperes  re8j)ectively.  AVith  the  motor  running  un- 
loaded the  voltage  applied  to,  and  the  current  in,  the  motor  arm- 
ature were  500  volts  and  11.5  amjUMvs  resptvtively.  The  resistance 
of  the  armature  of  the  motor  was  0.050  ohm. 

(a)  The  stray-jiower  loss  of  the  driving  motor  is  calculated 
from  the  readings  taken  above  when  the  motor  was  running  un- 
loaded, as  follows: 


1AO 


178  ALTERNATING  CURRENT  MACHINERY 


Motor  input  was  509  volts  x  ll-o  amperes  =  5,858  watts.  But  hy 
defmitiou,  stray  power  =  EI  -  RI*^.  Hence,  stray  power  =  5,858  -  0.056 
X  (11.5)«=  5,846  watts. 

(i)  The  friction  and  windage  loss  of  the  alternator  is  then 
calculated  as  follows: 

Power  supplied  to  motor  wlieu  driving  alternator  at  full  speeil  witli 
zero  tield  excitation  was  510  volts  x  48  amperes  =  24,480  watts;  and  the 
useful  output  of  the  motor  or  the  power  used  to  drive  the  alternator  was 
the  power  input  to  the  motor  minus  stray-power  loss  and  minus  PR  loss 
in  its  armature.    Therefore, 

Friction  and  windage  loss  of  alternator  =  24,480  -  5,84(>  -  (48)*  x  0.05<i 
=  18,505  watts. 

(r)  The  core  (or  iron)  loss  of  the  alternator  is  then  calcu- 
lated as  follows: 

Power  supplied  to  motor  when  driving  the  alternator  at  full  speed, 
field  excited  to  give  2,070  volts  between  alternator  tenuiuals,  was  511  volts 
X  117  amperes  =  59,787  watts.  The  useful  output  of  the  motor  in  thig 
case  was  59,787  watts  -  5,840  iwatts  -  (117)2  x  0.056  =  58,175  watts;  and 
this  is  equal  to  the  sum  of  friction  and  windage  loss  ana  inm  loss. 
Therefore, 

Core  loss  of  the  alternator  =  58,175  -  18,5a5  =  84,670  watts. 

The  core  loss  of  the  alternator  was  calculated  for  each  value 
of  the  field  excitation  of  the  alternator  in  a  nuinner  similar  to  the 
above.  These  various  core  losses  are  plotted  as  ordi nates  of  the 
curve  in  Fig.  lOS,  the  abscissas  being  the  electromotive  forces  Ih*- 
tween  alternator  terminals  corresponding  to  the  various  field  ex- 
citations. This 'curve  shows  that  at  the  rated  full -load  voltage, 
namely,  2,000  volts,  the  core  loss  of  the  alternator  is  H0.5  kilowatts 
or  1.025  j)er  cent  of  the  rated  full- load  output  of  the  alternator. 

67.  Calculation  of  Efficiency.  Since  the  etticiency  of  an 
alternator  is  the  ratio  of  the  output  to  the  output  plus  the  losses, 
as  explained  in  article  50,  we  nuiy  now  calculate  the  efficiency  of 
the  alternator,  having  made  all  necessary  tests.  In  the  case  of  the 
2,000- K.W.  alternator  referred  to  above,  for  which  the  curves 
have  Ix^en  given,  the  following  losses  occur: 

(//)  Fr'ivthni  ami  Wltulaiji'  Luhk,  This  loss  was  found  to 
be  18,505  watts. 

(4)  PR  LosM  In  Aniiatitre  at  Fall  Load.  The  resistauoe 
of  each  phase  of  the  armature  winding  of  the  given  alternator  was 
measured  and  found  to  be  0.00024:  oh^n,  and  the  full-load  rated 
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cnrrent   is   576  amperes  per  j)base.     Therefore  the   I-'R  loss  per 
phase  is 

(57G)^  X  0.00^24  --  3,0()5  watts. 

Hence  the  total  I^Il  loss  for  all  three  j)hases  is 

3  X  3,005  watts  ==  0,105  watts. 

(r)  I- It  LoHH  In  the  1^%'e/f/,  The  resistance  of  the  field 
winding  of  the  given  alternator  is  0.1M)()  ohm,  and  the  full-load 
field  cnrrent  is  93.8  amperes.  Hence  I^R  loss  in  the  field  is  8,500 
watts. 

(//)  Com  LoHM.  The  core  loss  on  0j)en  circuit  at  full- load 
excitation  was  found  to  1h^  30,500  watts.  This  is  somewhat  less 
than  the  core  loss  would  be  with  full-load  excitation  and  with  full- 
load  armature  current. 

Tlierefore  the  sum  of  all  the  losses  is: 

Friction  and  windage  1>^,505 
l-R  loss  in  armature  0,105 
I-R  loss  in  the  field       S,5(K) 

Core  loss  30,500 

0(V700  watts. 

The  rated  full-load  output  being  2,000  kilowatts,  we  have  : 

.  ,,  ,     ,         2,000,000 
Lfticiencyat  full  load  =  -^__--.- -.^.  .^^       -.  ().Of>S 

=  9<).8  j)er  cent. 

If  the  efficiency  at  any  fractional  part  of  full  l(>a<l  is  desiretl, 
it  may  be  calculated  as  follows: 

A  rated  full-load  output 
A  rated  full-load  output    r  losses  at  half  load' 

(a)  Friction  and  windage  loss  is  apj)roximately  the  same  at 
half  load  as  at  full  load. 

(h)  PR  loss  in  the  armature  is  one  fourth  as  great  as  at  full 
load  since  the  armature  current  is  half  as  (^reat. 

(r)  PR  loss  in  the  field  is  slightly  less  at  half  load  than  at 
full  load,  inasmuch  as  field  current  is  slightly  less. 

{d)  Core  loss  at  half  load  is  slightly  less  than  core  loss  at 
full  load. 
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Fig.  159  shows  the  efficiency  curve  of  a  two-phase  135-kiIo- 
watt  2,4()0-volt  00-cycle  S.K.C.  inductor  alternator.  The  ordi- 
nates  of  this  efficiency  curve  represent  the  efficiencies  of  this 
alternator  corresponding  to  different  current  outputs  per  phase, 
the  latter  l)eing  plotted  as  abscissas.  The  efficiencies  shown  by 
this  curve  apply  to  the  machine  when  it  delivers  power  to  non- 
inductive  receiving  circuits  (100  per  cent  power  factor)  When 
the  power  factor  is  less  than  100  j)er  cent,  the  efficiencies  are  less 
than  the  efficiencies  shown  by  the  curve. 

At  full-load  current  output  of  2S.1  amperes  per  phase  and 
100  per  cent  power  factor,  the  efficiency  as  represented  by  the 
ordinate  of  the  curve  is  93  per  cent.  At  half-load  current  output 
of  14.05  amj)eres  per  phase,  the  efficiency  is  90A  per  cent.  At  full 
load  the  several  losses  in  this  machine  are  as  follows: 

((f)  Friction  and  windage  loss  (obtained  l)y  experiment), 
2,000  watts. 

(i)  PR  loss  in  the  armature  (calculateil  from  hot  resistance 
of  armature  1.46  ohm.  per  phase,  and  full-load  armature  current 
28.1  amperes  per  phase)  is: 

2  >:    (28.1)-  X  1.46  =  2,305  watts. 

(<•)  r^R  loss  in  the  field  (calculated  from  hot  resistance  of 
field  coil  9.35  ohms,  and  full-load  field  current  8.8  amperes)  is: 

9.35  X  (8.8)'^  -=  724  watts. 

(r/)     Core  loss  (determined  by  experiment  using  the  method 
described  in  article  60),  5,'()00  watts. 
The  total  loss  is  therefore: 

Friction  and  windage  loss,  2,000  watts 
PR  loss  in  armature,  2,305     " 

PR  loss  in  field,  724     '' 

Core  loss,  5,000     ^' 

Total  loss,  10,029  watts. 

Therefore  the  efficiency  at  full  load  is 

135,000  _  ^ 

iBpOO  -I    10,029    "  "^  J^^"  ''*''"*• 

68.     Determination   of   Electromotive   Force   Waves.     The 

electromotive  force  wave  of  an  alternator  is  determined  by  actually 
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measuring  the  successive  instantaneous  values  of  the  electroniotivit 
force.  For  tliis  purpose  an  instantaneous-contact  device,  called  a 
Gootact-maker  is  used  to  connect  the  alternator  terminals  repeat- 
edly to  the  terminals  of  a  voltmeter,  successive  contacts  occurring 
at  corresponding  instants  in  succeeding  cvcles.  The  voltmeter  is 
steady  because  of  the  frequency  of  the  contacts  and  it  indicates  the 
value  of  the  electromotive  force  at  a  particular  part  of  the  cycle. 
The  contact  device  is  then  adjusted  to  make  successive  contacts  at 
a  later  instant  in  each  cycle,  and  the  voltmeter  is  again  read;  and  so 
on.  The  voltmeter  must  be  one  which  takes  little  or  no  current, 
snch  as  an  electrostatic  voltmeter;  and  a  condenser  should  be  con- 
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KIg.  170.  Fig.  171. 

nected  to  the  voltmeter  terminals  (in  parallel  with  the  voltmeter) 
in  order  that  enough  current  may  flow  into  the  condenser  at  each 
contact  to  keep  the  voltage  between  the  voltmeter  terminals  up  to 
nearly  its  full  value  during  the  intervals  between  cotitacts.  If  the 
condenser  is  not  used,  the  voltmeter  readings  are  likely  to  be  too  low. 
A  side  view  of  a  water- jet  contact-maker  is  shown  in  Fig. 
170,  and  an  end  view  is  shown  in  Fig.  171.  The  latter  figure  also 
shows  in  dotted  outline  three  adjacent  poles  of  the  field  magnet  of 
the  alternator  to  which  the  contact-maker  is  attached.  A  disc  DD, 
is  fixed  to  a  spindle  which  is  rigidly  coupled  to,  but  insulated 
from,  the  shaft  of  the  alternator  A.  This  disc  carries  a  pin  j>, 
which  makes  momentary  contact,  once  per  revolution,  with  a  fine 
jet  of  salt  water  issuing  from  a  nozzle  i>.  This  nozzle  is  carried 
on  an  arm  «/,  which  is  loose  on  tiie  spindle  and  can  be  placed  in 
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any  desired  position  and  clamped  by  means  of  the  screw  A,  its 
position  being  read  off  the  divided  circle  cc.  The  collecting  rings 
and  brushes  of  the  alternator  are  shown  diagram matically  at  A. 
One  terminal  of  an  electrostatic  voltmeter  Q  is  connected  directly 
to  one-brush  of  the  alternator  A;  while  the  other  terminal  of  the 
voltmeter  is  connected  through  the  jet,  pin,  and  sliding  contact  #, 
to  the  other  brush  of  the  alternator,  as  shown  in  Fig.  170.  Tlie 
voltmeter  then  indicates  the  value  of  the  electromotive  force  of  the 
alternator  at  the  instant  of  contact  of  jet  and  pin.  By  shifting 
the  jet,  step  by  step,  around  the  circle,  values  of  the  electromotive 
force  at  successive  instants  during  a  cycle  are  indicated  by  the  read- 
ing of  the  voltmeter  The  electromotive 
force  passes  through  a  complete  cycle  of 


2 


I 


AAAAAAAt-^ 


FijX.  172. 


r4  ...        . 

Il-f  values  while  the  iet  is  shifted — of  a  revo 

||d      JL      .         .  i' 

iMB^BrtBMil  (^     liition,  j>  being   the    numlx^r   of   jx)le8 

I  of    the  alternator.       In  order    that    the 

electromotive  force  acting  upon  the  elec- 
trostatic voltnu'ter  may  not  fall  off 
a])j)reciably  in  the  intervals  between 
successive  contacts  of  pin  and  jet,  a 
condenser  J  is  connected  as  shown  in 
Fig.  170. 
In  the  determination  of  an  alternating-current  curve,  the  cur- 
rent is  sent  through  a  non-inductive  resistance,  asR,  Fig  172;  and 
the  curve  of  th(^  electromotive  force  between  the  terminals  of  this 
resistance  is  (ieterniifie(l  as  before,  the  disc  1)1)  beint;  fixed  to  the 
armature  shaft  of  the  alternator  that  is  furnishing  the  current. 
The  current  at  each  instant  is  e(jual  to  the  electromotive  force 
divided  by  R. 

A  Hat  metal  sj)ring  or  brush  is  sometimes  used  instead  of  the 
liquid  jet  in  Fig.  170.  In  this  case  the  pin  j)  >s  replaced  by  a 
strip  of  metal  set  in  the  edge  of  a  circular  disc  of  hard  rubber, 
and  the  spring  rubs  continuously  upon  the  edge  of  this  disc,  touch- 
ing the  metal  strip  momentarily  once  per  revolution  of  the  disc 

Fi<r.  17i]  is  a  curve  showin^r  the  successive  instantaneous 
values  of  the  electromotive  force  of  a  85-kilowatt  125-cycle  single- 
phase  alternator,  as  determined  by  a  con  tact -maker.     The  highest 
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point  (1,400  volts)  is  given  where  the  conductors  are  passing 
through  the  most  intense  portion  of  the  lield.  The  flat  top  of  the 
curve  shows  that  the  magnetic  intensity  was  nearly  uniform  over 
a  large  portion  of  the  pole  face.  The  curve  crosses  the  axis  (elec- 
tromotive  force  equals  zero)  in  the  neutral  plane  between  two 
]K>les.  The  curve  shows  one  com])lete  cycle,  that  is,  it  shows  the 
instantaneous  values  of  the  electromotive  force  in  one  conductor 
while  passing  one  pair  of  poles. 
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1000 


Fig.  173. 

The  effective  value  of  the  electromotive  force  of  the  alternator, 
as  indicated  by  a  voltmeter  connected  to  the  alternator  terminals 
during  the  observations  with  the  contact-maker,  was  found  to  be 
1,000  volts;  and  this  is  the  scpiaro  root  of  the  average  value  of  the 
squares  of  the  successive  values  as  observed  l)y  means  of  the  con- 
tact-maker. 

SYNCHRONOUS  MOTORS. 

69.  Synchronous  riotors  and  Induction  Motors.  Motors 
designed  to  l>e  o})erated  with  alternating  currents  may  be  divided 
into  two  classes: 

1.  Synchronous  Motors. 

2.  Induction  Motors. 

Both  kinds  are  in  common  use;  and,  although  there  are  a  few 
other  motors  which  do  not  come  under  the  above  classitication,  vet 
by  far  the  larger  j)art  of  all  the  motors  run  with  alternating  cur- 
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rents  belong  to  one  or  the  other  of  these  classes.  The  induction 
motor  having  properties  which  adapt  it  to  a  much  wider  field  of 
application  than  is  possible  with  the  synchronous  motor,  is  much 
the  more  commonly  used.  The  induction  motor  is  treated  subse- 
quently. 

70.  The  Synchronous  Motor.  When  a  given  armature  con- 
ductor of  an  alternating-current  generator  is  under  a  north  pole  of 
the  field  magnet,  the  current  in  the  conductor  is  in  a  direction 
such  that  the  force  which  the  field  exerts  on  the  wire  opposes  the 
motion  of  the  armature.  When  the  given  conductor  has  moved 
sufficiently  to  be  under  a  south  pole  of  the  field  magnet,  the  cur- 
rent will  have  reversed  in  direction,  and  the  force  which  the  field 
exerts  on  the  wire  will  still  oppose  the  motion  of  the  armature. 
The  w^ork  done  in  driving  the  armature  against  these  opposing 
electromagnetic  forces,  is  the  work  that  goes  to  maintain  the  alter- 
nating current  delivered  by  the  alternator. 

Consider  an  alternator  driven  by  a  small  engine  or  auxiliary 
motor.  Let  an  alternating  current  from  an  outside  source  be 
forced  through  the  revolving  armature  of  the  alternator,  the  field 
magnet  of  which  is  8U{)plied  with  a  direct  current  from  an  exciter. 
Then  the  motion  of  the  revolving  armature  will  be  helped  by  the 
alternating  current  if  the  following  conditions  are  satisfied: 

(a)  If  the  speed  of  the  armature  is  such  that  a  giveu  armature  con- 
ductor moves  from  the  middle  of  a  north  pole  to  the  middle  of  a  south  pole 
during  the  time  of  one  alternation  (half  a  cycle)  of  the  supplied  alternat- 
ing current. 

(h)  If  the  direction  of  the  supplied  alternating  current,  when  the 
given  conductor  is  under  a  north  pole,  is  such  tliat  the  force  exerted  upon 
the  conductor  by  the  field  helps  the  motion  of  the  armature. 

This  is  evident  when  we  consider  that  the  current  reverses 
every  time  the  given  conductor  jmsses  from  one  field  pole  to  the 
next,  and  that  this  reversed  current  will  be  acted  upon  by  the  re- 
versed polarity  of  the  next  jx)le  with  a  force  always  in  the  direc- 
tion of  the  motion. 

When  the  alternator  s{)eed  has  been  carefully  adjusted  so  that 
the  conditions  a  and  fj  are  satisfied,  the  driving  engine  or  auxiliary 
motor  may  be  disconnected;  the  armature  of  the  alternator  will 
continue  to  revolve  at  constant  speed  (the  frequency  of  the  sup- 
plied alternating  current  being  constant),  and  the  revolving  arma- 
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ture  may  deliver  power  by  belt  to  drive  machinery.  An  alternator 
used  in  this  way  is  called  a  synchronous  motor. 

Any  alternator  may  be  used  as  a  synchronous  motor  without 
alteration  of  any  kind.  Electrically  and  mechanically,  the  syn- 
chronous motor  is  the  same  as  the  alternating-current  generator. 
In  fact  the  same  machine  is  often  used  indiflFerently  as  motor  or 
generator  according  to  circumstances.  Composite  field  winding  is 
never  provided  on  an  alternator  which  is  to  be  used  as  a  synchron- 
ous motor. 

Synchronous  motors  may  bo  designed  to  operate  either  on 
single-phase  or  polyphase  systems,  and  are  called  synchronous  be- 
cause they  always  run  in  synchronism  with  (/./^,  at  the  same  fre- 
quency as)  the  alternator  supplying  the  current  to  them.  The 
speed  of  the  motor  cannot  change  unless  the  speed  of  the  generator 
changes;  but  it  is  not  necessarily  the  same  speed  as  that  of  the  gen- 
erator. The  speed  of  the  motor  will  be  the  same  as  the  speed  of 
the  generator  only  when  the  motor  happens  to  have  the  same  num- 
ber of  poles  as  the  generator.  The  speed  at  which  a  synchronous 
motor  will  run  when  connected  to  an  alternator  supplying  current 
at  a  frequency/*  is 

2  X    /•  X  <5() 

8    ~   ^  "— - 

where  s  =  speed  of  the  motor  in  revolutions  per  minute; 

y  =  frequency  of  the  alternating-current  supply; 

J)  =  number  of  poles  on  the  nu)tor  field. 
For  example,  if  a  lO.pole  motor  were  run  from  a  (JO-cyclo  alterna- 
tor, the  speed  of  the  nu)tor  would  be 

2  X  00  X  f*)0       ^.^^ 
M\ — ' —  '  "  '       r.p.m. 

Moreover,  it  follows  that  if  the  motor  had  the  same  number  of 
poles  as  the  alternator,  the  speed  of  the  motor  would  be  just  the 
same  as  the  speed  of  the  alternator,  and  any  variation  in  the  speed 
of  the  latter  would  cause  a  corresponding  change  in  the  speed  of 
the  motor;  or  if  the  motor  had  half  as  many  poles  as  the  generator 
its  speed  would  be  double  that  of  the  latter,  and  any  change  in  the 
speed  of  the  generator  would  cause  a  pro{X)rtional  change  in  that 
of  the  motor;  in  other  words,  the  cyclic  speeds  must  be  the  same. 
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The  synchronous  motor,  especially  in  units  of  large  output, 
possesses  a  number  of  features  which  make  its  use  at  tinies  prefer- 
able to  that  of  the  induction  motor.  Its  advantages  may  be  briefly 
summed  up  as  follows: 

(a)    Unvarying  speed  at  all  loads. 

(6)  Po\ver  factor,  variable  at  will  by  change  of  the  exciting  current, 
can  be  made  approximately  unity  at  any  load. 

(c)  The  current  in  the  armature  can  be  made  to  lead  the  electro- 
motive force  by  over-exciting  the  field  magnets,  thus  producing  the  same 
effect  as  a  large  condenser.  The  leading  current  in  the  armature  can  be 
used  to  neutralize  the  unfavorable  effects  of  inductance  (which  causes  lag- 
ging currents)  in  other  parts  of  the  system. 

(d)  The  synchronous  motor  is  cheaper  to  build,  especially  at  low 
speeds,  than  the  induction  motor. 

(e)  Its  efficiency  is  generally  higher  than  that  of  the  induction 
motor. 

if)     It  is  specially  adapteii  to  high-voltage  winding. 

The  synchronous  motor,  on  the  other  hand,  has  several  dis- 
advantages, as  follows: 

(«)  It  is  not  adapted  to  work  requiring  variable  speed,  as  no  inde- 
pendent speed  regulation  is  possible. 

{b)  It  has  small  starting  tonjue;  hence  it  is  not  suitable  for  work 
requiring  large  starting  torcjue,  or  fre<iueut  starting  of  the  load. 

(c)  It  has  a  tendency  to  **  hunt ". 

(d)  It  requires  an  exciting  current  which  nmst  be  supplied  by  an 
outside  source. 

(e)  It  requires  the  most  skillful  and  intelligent  attention. 

A  full  comparison  of  the  relative  advantages  of  the  synchron- 
ous motor  and  the  induction  motor  is  given  later  under  the  head- 
ing "Induction  Motor". 

Synchronous  motors  are  used  where  j)ower  is  required  in  large 
amounts,  and  where  the  motor  does  not  have  to  be  started  and 
stopped  frequently. 

Synchronous  motors  behave  differently  from  direct-current 
motors.  Thus,  if  the  iield  of  a  direct -cur  rent  motor  be  weiikened, 
the  motor  will  sjK^ed  up  in  order  to  keep  the  counter-electromotive 
force  at  a  proper  value.  But  if  the  field  strength  of  a  synchronous 
motor  be  changed,  the  speed  cannot  change,  because  the  motor 
must  run  in  synchronism  with  the  alternator  that  supplies  it  with 
current.  What  then  does  enable  a  synchronous  motor  to  adjust 
itself  to  changes  of  load  and  field  strength  ?     It  is  the  change  of 
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phase  difference  l>etween  the  armature  current  and  the  apjjied 
electromotive  force. 

Suppose  a  synchronous  motor  running  light  (/.//.,  unloaded), 
and  suppose  further  that  there  is  no  friction,  hysteresis,  or  eddy- 
current  loss;  then,  if  this  motor  be  run  up  to  synchronism,  and  its 
field  adjusted  to  such  a  strength  that  the  counter-electromotive 
force  of  the  motor  is  equal  and  opposite  to  that  of  the  generator, 
no  current  will  flow  throu^jh  the  circuit  when  the  circuit  is  closed. 
At  any  instant  the  electromotive  force  that  causes  current  to  flow 
in  the  circuit  is  the  difference  between  the  instantaneous  electro- 
motive force  of  the  alternator  and  the  counter-electromotive  force 
of  the  motor.  On  loadinor  the  motor,  its  armature  will  la^x  a  small 
fraction  of  a  revolution  behind  that  of  the  alternator,  so  that  the 
counter-electromotive  force  of  the  motor  will  no  longer  be  in  op- 
position to  that  of  the  alternator.  The  result  is  that  a  current  will 
flow,  of  a  magnitude  such  as  to  produce  the  torque  necessary  to 
enable  the  motor  to  carry  its  load.  Tlie  greater  the  load  on  the 
motor,  the  greater  the  lag  of  its  armature,  and  hence  the  greater 
the  difference  in  phase  l)etween  the  applied  and  the  counter-electio- 
niotive  forces;  this,  in  turn,  j)ermits  a  larger  current  to  flow  to 
8Upj)ly  the  additional  tonjue  recjuired.  If,  however,  too  great  a 
load  is  put  on  the  motor,  the  slipping  l)ehind  of  the  armature  will 
l)ecome  sufficiently  great  to  throw  the  motor  out  of  synchronism, 
or  to  cause  the  motor  to ''break  down",  when  it  will  stoj).  Tn 
other  words,  the  motor,  under  these  conditions,  cannot  exert  sutti- 
cient  torque  to  handle  the  load. 

71.  Starting  a  Synchronous  Motor.  If  a  single-pliase  al- 
ternator be  electrically  connected  to  alternating-current  snpj)ly 
mains,  the  machine  will  not  start  up  and  run  as  a  motor,  because 
the  current  in  its  armature  is  rapidly  reversing,  thus  tending  to 
turn  the  armature  first  in  one  direction  and  then  in  the  other  direc- 
tion in  rapid  succession.  A  single-phase  alternator  which  is  to  l)e 
used  as  a  synchronous  motor,  must  be  started  and  brought  up  to 
full  speed  by  an  engine  or  other  outside  source  of  power. 

If  a  jx)lyphase  alternator,  on  the  other  hand,  is  connected  to 
polyphase  supply  mains,  the  machine  will  start  and  run  up  to  full 
speed  if  it  has  little  or  no  belt  load.  This  self-starting  property  of 
the  polyphase  synchronous  motor  is  explained  as  follows: 
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Ak  oiie  of  tlie  polypbaxe  currents  thniUKb  the  amiaiure  of  the  lu^  I 
chine  ilieH  awny,  It  leaves  a  aliglit  amount  or  resiilual  uiaguetJBtii  in 
He  Id -111  ng  net  slruc-lure  if  the  fleld  mai^tiet  is  nol  excited  by  direct  curreut.  J 


Thla  residual  uia^etiBiu  acteupou  the  (^rowint;  current  of  the  other  phaav 
(or  phases] ,  and  jiroduirea  a  toniue  tending  to  turn  the  annaiure 

TIiIh  artliui  of  the  |iulyiihUM!alIernsIUF  \»  eciHeuUally  the  same  aathff 
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A  jjolviihaik*  altenuiUir  which  i?  to  »v  u?<-\i  as  a  svriohroiious 
motor  devflups  but  little  siartiiiij  flTort  wlu-n  oonruvti-^l  dinvilv  to 
the  supply  inaius,  hence  it  is  generally  siarteil,  esjHvially  in  hifij^T 
sizes,  bv  iiieans  of  a  small  en^^iae  or  auxiliary  motor,  aiul  thon 
thrown  into  circuit,  after  which  it?  K»ad  is  counivtM  to  it  ihrmii^li 
a  friction  clutch,  thus  allowing;  it  to  Iv  thnnvn  on  tjnuhiallY.  In 
smaller  sizes  the  machine  is  generally  self-siartiui;  without  Kvui, 
tlie  load  beins  thrown  on  afterwards.  It  is  ntvessarv  always  to 
start  up  a  single-phase  motor  fn»m  some  external  sounv  whether 
loaded  or  unloadeil,  since  it  develoj^s  no  starting  lonjue  whatever 
when  thrown  in  circuit  at  a  standstill. 

Tlie  exciter  of  a  synchronous  motor  ta  small  diivci-cunvnt 
dynamo^  is  usually  l»elti*d  to,  or  mountiHl  u[H>n«  the  sviichroiious 
motor  shaft,  so  that  when  the  synchnnious  motor  h:is  Uvn  broutrht 
uj)  to  full  sptHHl  either  by  sejvarate  starting  or  by  s/lf  starting,  the 
exciter  is  in  full  ojieration  and  is  in  readiness  to  supply  citri*i'nt  for 
exciting  the  lield  magnet  of  the  synchix.)nous  motor. 

tSrjHimfe  iSftf/'tfiHj  oftf  St/tir/if'ofiouft  J/ of  ft/'.  In  the  case  of 
the  single-phase  machine,  the  jxnver  for  starting  is  always  deriviHJ 
from  a  source  entirely  indejHMident  of  thj»  single-|>hase  siipj»ly.  In 
the  case  of  the  polyphase  nmchine,  the  jiower  for  stalling  is  ustiall  v 
deyelojx^by  a  small  induction  motor  snpplitHJ  with  polyphase  cnr- 
rcnts  from  the  mains  that  supply  currents  to  the  synchronous  motor 
itself.  The  method  of  sejMinite  starting  is  essentially  tlu»  same  ft>r 
both  single-phase  and  j>oly|)hase  machines.  The  ])roceiliin»  is  ex- 
actly the  8»une  as  for  starting  and  adjusting  an  alternator  that  is 
to  be  connectinl  in  jwrallel  with  another  alternator  already  in  ()|H»r- 
ation.     This  ]»rocedure  ^vill  Ix)  ilescril)ed  in  detail  later. 

Fig.  174  is  a  genend  view  of  a  H.'iiO-kilowatt  Stanley  (S.K.(\) 
2-])hase  synchronous  motor  connected  to  its  |)nlley  through  a  Wim*- 
rall  friction  clutch.  The  sinall  starting  motor  is  a  '2  phase  indin-- 
tion  motor.  To  start  this  nnichine,  the  load  is  disconntrird  by 
loosening  the  friction  clutch.  The  Hniall  motor  is  thrown  into 
gear,  and  then  connected  to  tlio  Kii|)ply  mains.  When  tln^  large 
machine  has  reached  synchronous  s|K'e<l,  and  has  biM-n  adjusted  to 
the  proj)er  phase  relation  with  the  elect roniotivt*  forci^  of  the  sup 
ply  mains,  it  is  itself  connecte<l  to  the  supply  mains.  The  starlinjr 
motor  is  tlien  thrown  out  of  gear,  and  disconnected  from  iIh;  snp 
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ply  tiiuiiis;  unci  llu'  loiul  is  f^iiultially  tlmiWTi  a|)Oii  tlio  syiidiniiioiis 
niutiir  liy  liiciius  of  the  fricliiiri  chiMi.  In  Fig.  174  tlu-  eyncliruii- 
0118  motor.  slJirtiiig  inotor,  pulley,  Riul  cliitt'h  are  ubowu  moniitcd 
on  OIK?  iRfljilatf. 

Fig.  17.")slii)W!i  iLii  y.  K.  ('.  I'yiicliroiioimiiiutor direct-connected 
to  a  (lin-i-t-cHrreiit  gi'iieniliir,  iiml  jirovideil  with  a  Bitiall  direct-cnr- 
niit  Htiirtiiiif  iMiilm-.  In  ihisi-iisc  thodireft-cHrifiitgeiienitoriB  left 
on  (ipi'ii  eiiviiit  while  filiirtinir,  sii  that  but  littlo  Starting  ufTort  is 
re(]uinil  of  tho  innlor.  AVIii'n  the  Hyiidiroiiuus  motor  and  direct- 
current  p'liiTalor  liiive  lieen  ijiiiiiirht  iij)  to  full  speed  by  the  small 
direi-t-cnrrent  Btartiji;;  irjiiior,  this  starting  motor  is  thnnrn  ont  of 
pi-nr  hy  meana  of  tlie  le\  or  shown  at  the  extreme  left  in  the  figure. 
This  lever  moves  tlie  large  intermetliale  gear-wheel  idler  pamllel 
to  tlieuriiiiitnri-  slijifl.uml  thus  iHsengii^t;  the  twit  small  spnr  geare. 


Thetiel.l  eiin-ent  for  the  syneliroiions  motor  in  tjiken  fnnn  thevoni- 
miitiitor  of  the  largf  .liieel-enrrenl  geiienitur. 

S,l/S/.,rth..i  <■/.,  I'.^hji.h.,^.-  S ;/,.,}, roiinm  Mntnr.  In  tlie 
yelf-sliirliiig  of  the  jmlvjilijirte  fyijehroiioiia  motor,  its  armature  t«r- 
minals  iiiiiy  Im  eomieeteil  direetly  to  thti  |H)lyj)hiiKe  snpply  mains 
with  its  tielii  iinexeitfd.  When  the  niiu-hiiie  reiic-hes  syndironutis 
(ilriviiig  ila  exciten,  the  fielil  is  eoiineetwl  to  tho  exciter. 
iieliine  if^  llii-ii  in  full  ojH-nitiur]  us  :i  svii<'hn)noiis  motor,  and 
il  may  he  gr;..iuNlly  thrown  on.  us  ulreiKiy  de«-ril>e<l. 
['he  nlijeetioii  to  (his  nioiie  of  stiirtiiig  Ih  that  the  machine 
excessively  large  lugging  enrreiita  at  starting;  and  this  geii- 
Otuises  a  (iro|j  in  the  siijiply  voltage  great  enongli  to  disturb 
sly  the  geiu'ral  systt-TU  of  ilistributing  mains  from  wliicli  the 
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synchronous  motor  receives  its  currents.  This  excessive  demand 
for  current  at  starting  is  objectionable  when  the  motor  takes  a 
large  proportion  of  the  generator  output,  or  is  used  in  connection 
with  a  lighting  service,  especially  when  the  motor  is  started  and 
stopped  at  frequent  intervals. 

To  avoid  an  excessive  demand  for  current  at  starting,  an  auto- 
starter  or  compensator  is  frequently  employed.  The  starting 
compensator  for  a  2-phase  synchronous  motor  consists  of  two  trans- 
formers (three  transformers  for  a  S-phase  machine)  having  their 
primaries  connectcni  across  the  respective  phases  of  the  suj)ply 
mains,  their  secondaries  being  provided  with  a  numlnM*  of  taj)s  so 
that,  at  starting,  a  fraction  of  the  full  supply  voltage  can  be  applied 
to  the  armature  terminals  of  the  synchronous  motor.  This  fraction 
is  usually  from  40  to  (K)  per  cent  of  the  full  voltage;  and  a  switch- 
ing device  is  providtKl  by  means  of  which  the  change  from  frac- 
tional to  full  voltage  can  be  quickly  made  when  the  synchronous 
motor  reaches  full  speed. 

This  starting  compensator  is  also  used  in  connection  with  in- 
duction motors,  and  is  fully  descrilKnl  subsequently.  The  trans- 
formers used  in  the  starting  compensator  are  always  auto- trans- 
formers. 

The  self-starting  of  a  polyphase  synchronous  motor  (by  in- 
duction-motor action)  depends  upon  the  magnetizing  action  on  the 
nnexcited  field  magnet  poles  by  the  armature  currents.  Therefore 
a  polyphase  alternator  having  high  armature  reaction  (that  is,  large 
magnetizing  action  on  the  field  for  a  given  armature  current,  as  in 
the  case  of  an  armature  with  concentrated  windincrs  or  a  machine 
with  small  air  gaps) will  give  a  large  starting  torque  when  used  as 
a  self -starting  synchronous  motor. 

Usually  less  than  one  minute  is  required  to  bring  even  large 
synchronous  motors  to  full  speed  by  either  method  of  starting. 

At  the  time  of  starting,  the  armature  and  field  windings  of  a 
synchronous  motor  are  related  to  each  other  as  are  the  ])rimary  and 
secondary  of  an  alternating-current  transformer.  The  result  is, 
that  when  the  field  coils  have  many  turns  of  wire,  a  dangerously 
high  electromotive  force  may  be  induced  in  them. 

This  production  of  high  voltages  in  the  field  coils  of  a  self- 
started  polyphase  synchronous  motor  may  be,  to  a  great  extent 
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avoided,  by  using  few  turns  of  large  wire  in  the  field  winding,  thus 
neceBsitating  the  use  of  a  low  voltage  exciter.  For  this  reason  ex- 
citers giving  an  electromotive  force  as  low  as  50  volts  are  frequently 
used.  Another  method  of  obviating  the  danger  referred  to,  is  to 
provide  short-circuited  metal  rings  around  the  field  pOles.  These 
rings  limit  the  changes  of  magnetism  in  the  pole-pieces,  and  there- 
by prevent  the  formation  of  excessively  high  induced  voltages  in 
the  field  coils. 

In  synchronous  motors  of  the  stationary  iield  type,  the  field 
circuit  may  be  broken  up  into  many  se)iarute  parts  so  as  to  divide 
up  the  induced  electromotive  force.     Thus,  Fig.  170  shows   the 


statioujiry  Iield  of  iiii  alternatiir  (syiiehrwnous  motor)  with  the  ter- 
minals of  eaeJi  Held  s|)ool  bruuglit  out  to  eonveiiiont  switches  on 
the  frame  of  the  miichiiie.  During  sturtiiig  these  switches  are 
o[)en,  and  when  the  maeliine  has  reached  syiichronous  sjH-etl  they 
are  all  closed,  thus  eoniieetiiig  all  tlu'  tield  spools  in  series  to  the 
exciter. 

7J.  Hunting  Action  of  the  Synchronous  Motor.  When  the 
load  on  a  synchronous  Tuotor  is  suddenly  increased,  the  motor  slows 
down  niouieiilarily  and  falls  Ix'hmd  the  generator  in  phase.  When 
the  nmtor  has  fallen  l)eliind  eutheiently  to  take  in  power  enough  to 
enable  it  to  carry  its  load,  it  is  still  running  slightly  below  syn- 
chronism; it  themfore  falls  utill  further  behind,  and  takes  an  ex- 
cess of  power  from  tlie  generator  which  ijuickly  speeds  it  above 
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synchronism.  It  then  gHins  un  the  ^nerator  in  phase  until  it  is 
taking  in  less  power  than  is  rei^iiired  for  its  load,  uhen  it  again 
slows  down,  and  so  on.  This  oscillation  of  speed  above  and  l>elow 
synchronism,  called  hunting,  is  acc-ompanied  witli  great  changes  in 
thti  current  supplied  to  the  synehroiions  motor,  and  with  rapid  riiio 
and  fall  of  the  electromotive,  force  between  the  terminals  of  the 
motor.  It  is  frequently  a  source  of  great  annoyance,  especiallv 
where  several  synchronous  motors  lor  rotary  converters)  art-  run  in 
parallel  from  the  same  mains. 

Hunting  is  frequently  produced  by  the  jieriodic  changes  in 
the  speed  of  tlie  engine  that  drives  llie  generator.     Thus  the  en- 
gine momentarily  increases  its  sjxhhI  as  tlie  steaiTi  acls  ujioii  ilm 
piston  at  eacli  stroke,  and 
diiuinishes  its  sfteed  in  the  in- 
tervals between  the  strokes. 

Hunting  is  prevented 
by  the  use  of  heavy  copper 
frames  or  dampers  partly 
covering  the  edges  of  the 
pole-pieces  of  the  field  mag- 
net both  in  the  generator  and 
in  the  synchronous  motor. 

The  hunting  of  a  syn- 
chronous motor  is  a  phenom- 
enon of  the  same  nature  as 
the  hunting  of  a  steam  en- 
gine having  an  over-sensitive  governor.  When  the  lojid  on  the 
engine  is  suddenly  increased,  the  engine  slows  down  monienlarilv, 
causing  tlie  governor  to  admit  more  steam  than  is  needed  for  the 
increased  load.  The  result  is  that  the  engine  qiiiekiy  H|)eeds  up, 
causing  the  over-sensitive  governor  to  shut  olf  too  much  steam,  bo 
that  the  engine  slows  down  again,  and  so  on. 

Fig.  177  is  a  view  of  a  portion  of  the  revolving  tield  of  an 
alternator,  showing  the  copper  dampers,*  consisting  of  rectangular 
frames,  driven  into  place  under  the  overhanging  tips  of  two  adja- 

•Formerly  used  by  the  Bullock  Electric  Mfg.  Cumpany.  Tliey  liave 
recently  abandoned  this  design  an  tlie  (Hinittructlon  of  their  altenmlurH  in 
sucli  as  to  lender  it  unnecessary. 
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cent  poles.  There  is  one  of  the  clampers  provided  between  each 
pair  of  adjacent  poles,  all  around  the  field. 

73.  Torque  and  Power  Output  of  a  Synchronous  rioter. 

A  given  synchronous  motor  operating  with  given  applied  voltage 
is  capable  of  developing  a  definite  maximum  torque  (or  of  deliv- 
ering a  definite  maximum  amount  of  power).  An  attempt  to  take 
more  than  this  maximum  power  from  the  machine,  causes  the 
machine  to  fall  out  of  step  (that  is,  out  of  proper  phase  relation) 
with  respect  to  the  supply  voltage;  and  the  motor  accordingly 
stops.  A  properly  designed  synchronous  motor  will,  however, 
carry  a  reasonable  overload  before  reaching  the  above-mentioned 
maximum  at  which  the  machine  stops. 

The  maximum  power  that  can  be  delivered  by  a  synchronous 
motor  is  greatly  increased  by  increase  of  the  applied  voltage,  and 
greatly  decreased  by  a  decrease  of  the  applied  voltage.  In  fact 
the  maximum  power  output  is  proportional  to  the  square  of  the 
applied  voltage:  therefore,  the  voltage  of  supply  should  never  be 
allowed  to  fall  much  below  the  normal  or  rated  value. 

74.  Field  Excitation  and  Power  Factor.  Wliile  the  power 
factor  of  a  non-syndironous  (induction)  alternating-current  motor 
is  fixed  by  its  design,  and  its  current  is  always  lagging  behind  the 
applied  electromotive  force,  the  current  delivered  to  a  synchronous 
motor  may  be  made  either  lagging  or  leadi4ig  at  will.  This 
remarkable  control  of  the  phase  of  the  current  is  accomplished  by 
varying  the  strength  of  the  field  excitation. 

An  increase  in  the  field  excitation  of  a  synchronous  motor 
will  cause  a  corresponding  increase  in  the  counter-eltHJtroniotivi^ 
force  generated  in  the  motor  armature.  l>y  proj)erly  adjusting  tlie 
field  excitation,  this  counter-electromotive  force  of  the  motor  can 
l>e  made  considerably  greater  than  the  elt^ctromotive  force  applied 
at  the  motor  terminals.  The  result  is  that  an  increased  but  lead- 
ing current  (that  is,  one  ahead  of  the  aj>plied  voltage,  as  in  a  con- 
denser) flows  in  the  armature.  On  the  other  hand,  a  field  excita- 
tion below  the  normal  amount  produces  an  increased  but  lagging 
current  (that  is,  one  behind  the  applied  voltage,  as  in  an  induc- 
tance coil).  If  the  field  excitation  is  normal,  that  is,  of  such  a 
value  that  the  current  in  the  motor  armature  is  exactly  opposed  in 
phase  to  the  counter  electromotive  force   (jX)wer  factor,  unity), 
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then  the  eifective  vahie  of  this  current  will  be  a  minimum;  and 
hence  the  efficiency  of  the  motor,  generator,  and  transmission  lines 
will  be  a  maximum  because  the  P  R  losses  will  be  a  minimum. 

Considered  simply  as  a  motor,  without  reference  to  the  trans- 
mission system  as  a  whole,  the  most  efficient  point  of  operation  is 
with  unity  power  factor,  or, 
in  other  words,  with  a  field 
excitation  which  will  make 
the  armature  current  a  min- 
imum. 

The  eifect  upon  the  ar- 
mature current,  produced  by 
varying  the  field  excitation, 
is  shown  by  the  curves  in  Fig. 
178.  Up  to  a  certain  point, 
as  the  excitation  is  increased, 
the  armature  current  is  lag- 
ging, and  decreases  to  a  min- 
imum value.  Further  increase  of  the  exciting  current  causes  the 
armature  to  take  more  current,  which  is  now  ahead  of  the  applied 
electromotive  force  in  phase,  that  is,  is  now  leading.  There  is 
one  value  of  the  exciting  current  for  which  the  armature  current  is 
a  minimum.  In  motors  of  good  regulation  this  value  of  the  excit- 
ing current  varies  but  slightly  with  different  loads. 
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Exc/ti'n^  Current 
Fig.  178. 
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Fig.   179. 

75*  Use  of  a  Synchronous  Motor  as  a  Condenser.  A  Syn- 
chronous motor  with  its  field  magnet  over-excited  takes  a  current 
which  is  ahead  of  the  applied  electromotive  force  in  phase.  Such 
a  machine  may  therefore  be  connected  across  the  terminals  of  an 
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inductive  receiving  circuit,  as  shown  in  Fig.  ITU,  so  as  to  compen- 
sate for  lagging  current  delivered  to  the  receiving  circuit,  thus 
reducing  the  line  current  to  the  lowest  value  that  will  suffice  to 
transmit  the  power  taken  by  the  receiving  circuit.  The  clock  dia- 
gram ( Fig.  180)  shows  how  the  leading  current  I,  taken  by  the  syn- 
chronous motor  M  ^Fig.  171»)  gives,  when  combined  with  the  cur- 
rent I,  delivered  to  the  receiving  circuit,  a  resultant  line  current  I, 
which  is  in  phase  with  the  electromotive  force  E  between  the  mains, 
A  synchronous  motor  used  primarily  for  compensating  the 
lagging  current  delivered  to  an  inductive  receiving  circuit,  is  called 
a  rotarj'  condenser  or  a  synchronous  compensator.  The  rotary  con- 
denser is  especially  useful  when  induction  motors  or  lightly  loaded 
transformers  or  both,  are  supplied  over  a  long  transmission  line. 

In  such  cases  the  reduction  of  the 
line  current  to  the  smallest  possible 
value  effects  considerable  saving 
in  the  matters  of  power  losses  in 
E  the  transmission  line.  The  use  of 
a  rotary  condenser  is  also  an  ad- 
vantage  in  that  the  regulation  of 
voltatre  at  the  rtH.'eivinor  end  of  the 
transmission  line  is  improved. 
'^  A  given  synchronous  motor  is 

most  effective  as  a  rotary  condenser 
when  it  is  not  required  to  deliver  any  niechaniciil  ]X)wer  as  a  motor, 
that  is,  when  it  is  run  at  zero  load.  When  a  synchronous  motor 
is  to  be  used  to  deliver  mechanical  power,  as  well  as  to  take  a  lead- 
ing current  for  the  purpose  of  comjHMisating  the  lagging  current 
taken  by  the  inductive  receiving  circuit,  it  is  customary  to  limit 
the  load  on  the  motor  to  70.7  ])er  cent  of  its  full-load  rating  (that 
is,  its  rating  if  it  were  to  be  used  as  a  motor  only,  and  not  as  a 
rotary  condenser).  When  the  motor  takes  in  its  full-load  rated 
current,  but  only  70.7  |)er  cent  of  its  full-load  rated  power,  its  field 
being  over-excited,  then  its  current  is  45'  ahead  of  the  electromo- 
tive force;  the  power  factor  of  the  motor  is  70.7  per  cent;  the 
power  component  of  the  current  (that  is  thecom{)onent  which  is  in 
])hase  with  the  suj)j)ly  electromotive  force)  is  70.7  j)er  cent  of  the 
full  current;  and  the  wattless  comj)onent  of  the  current  (the  com- 
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poiient  wliicli  is  IK)   aliead  of   the   supply  electromotive  force   in 
phase)  is  also  70.7  per  cent  of  the  full-load  current. 

Example,  A  synchronous  motor  rated  at  100  kilowatts  at 
1,000  volts  would  have  a  full-load  rated  current  of  100  amperes, 
the  field  of  the  machine  being  excited  to  give  unity  power  factor. 
If  this  machine  is  to  be  operated  as  a  rotary  condenser,  its  field 
excitations  will  have  to  be  increased.  If  the  machine  is  to  carry 
a  load  of  70.7  kilowatts,  and  at  the  same  time  to  take  as  large  a 
leading  wattless  current  as  jiossible  (without,  however,  exceeding 
the  full-load  rattni  current  of  100  amperes),  then  the  field  will  have  to 
be  over-excited  to  such  an  extent  as  to  cause  the  machine  to  take  its 
full  rated  current  of  100  amperes  at  70.7  kilowatts  load.  In  this 
case  the  power  component  of  the  lOO-ampere  current  will  be  70.7 
amperes;  the  wattless  component  of  the  lOO-ampere  current  will 
be  70.7  amjx»re8  [100  =  |  (70.7]-  +  (70.7j'  ] ;  and  the  power  factor 
of  the  over-excited  motor  will  be  70.7  per  cent. 

76.  Characteristic  Curves  and  Tests.  The  difference  be- 
tween a  synchronous  motor  and  an  alternating-current  generator  con- 
sists mainly  in  the  method  of  operating;  any  alternator  will  run  as  a 
synchronous  motor,  and  vn^e  verm.  Therefore  all  the  tests  descril)ed 
in  articles  01  to  0^),  with  reference  to  alternators,  may  be  applied  in  a 
similar  manner  to  synchronous  motors.  In  making  a  heat  test  on  a 
Bniall  synchronous  motor,  it  is  usually  run  at  full  load  as  a  motor. 

In  the  case  of  larcje  synchronous  motors,  the  *' heat-run"  or 
test  is  usually  made  by  running  the  machine  as  a  generator  on  short 
i?ircuit,  with  a  portion  of  its  field  coils  connected  in  opposition,  as 
described  in  article  (55  on  the  heat  test  of  alternators. 

The  efiiciency  of  a  synchronous  motor  is  calculated  in  the 
Qanie  manner  as  that  of  an  alternator  (see  article  ()7). 

77.  Phase  Characteristic.     Kegulation    for   alternators,   as 
described  in  article  04  is  not  calculated  in  the  case  of  a  synchron- 
ous motor;  but  the  determination  of  the  ''  phase  characteristic"  of 
«  synchronous  motor  corresponds  to,  and  is  substituted  for,  the 
regulation  test.     A  "phase  characteristic"  is  a  curve  showing  the 
relation  between  the  armature  current  and  the  field  current  of  a 
synchronous  motor,  the  test  being  carried  out  under  constant  con- 
ditions with  respect  to  voltage,  frequency,  and  load.     Phase  char- 
acteristics are  shown  in  Fig.  178. 
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which  the  synchronous  motor  is  to  be  supplied  with  current  when 
finally  installed. 

The  synchronous  motor  is  driven  at  zero  load,  taking  current 
through  the  artificial  line,  the  tendency  to  hunt  being  greatest  at 
zero  load.  The  connections  are  the  same  as  in  the  test  for  phase 
characteristic.  The  hunting  action  is  indicated  by  the  pulsation 
of  the  ammeters  and  voltmeters.  The  field  current  of  the  motor  is 
varied  from  considerably  below  to  considerably  above  rated  full- 
load  field  current.  For  each  value  of  the  field  current,  the  indica- 
tions of  the  instruments  are  carefully  observed.  The  jmlsations  of 
the  instruments  are  noted. 

During  this  test,  care  must  be  takeu  that  tlie  alternator  supplying 
the  power  to  drive  the  motor  under  test,  does  not  pulsate,  for,  if  it  does, 
the  pulsations  of  the  instrument  pointers  would  not  then  give  a  reliable 
indication  of  the  performance  of  the  motor  itself  under  normal  working 
conditions. 

79.  Break-down  Test,  As  its  name  implies,  this  test  is  to 
determine  the  maximum  power  that  a  synchronous  motor  will 
deliver  at  its  pulley,  before  falling  out  of  synchronism  and  stop- 
ping. As  in  the  case  of  the  full-load  phase  characteristic,  the 
power  output  of  the  motor  is  most  conveniently  absorbed  and 
measured  by  belting  the  motor  to  a  direct-current  generator,  and 
measuring  the  electrical  output  of  this  generator.  For  further 
description  and  details  of  the  break -down  test,  the  reader  is  referred 
to  the  article  on  the  break-down  test  for  induction  motors. 

80.  Self-Starting  Test.  The  object  of  a  startint;  test  on  a 
synchronous  motor  is  to  determine: 

(</)     The  voltage  and  current  required  to  sturt  the  motor. 

(i)  The  time  required  for  the  motor  to  reach  synchronous 
speed  (synchronism). 

(r)  The  electromotive  force  induced  in  the  field  magnet 
windings  at  the  instant  of  starting. 

The  starting  test  is  made  on  polyphase  motors  only,  for,  as 
previously  stated,  single-phase  synchronous  motors  are  not  inher- 
ently self-starting,  but  must  even  in  the  smaller  sizes,  be  provided 
with  special  starting  devices. 

The  synchronous  motor  to  be  tested  is  connected  to  mains 
supplying  alternating  currents  of  the  proper  fre<|uency.     Arrange- 
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nu'iit  U  iiiiule  to  adjust  the  voltagH  appliud  to  the  aniiature  u 
iiiinalfl  of  thf!  motor,  by  iiieaiiB  of  potential  (voltage)  regalatore  cci 
iK-cted  in  the  arniaturt)  circnits  between  the  supply  inaitis  and  t 
annatnre  terniiiiala.  An  ammeter  is  connected  in  aeriea  with  eai 
phase  ^vinilin^  of  the  armatnrf ;  that  is,  two  ammeters  are  needi 
for  a  two- phase  motor,  and  three  ammeters  for  a  three-phase  mote 
A  voltnifter  is  connet'ted  to  the  terminals  of  the  secondary'  coil  ■ 
H  small  ate|)-dowii  potential  transformer  the  primary  coil  of  whi< 
is  conneetfd  to  the  terminals  of  the  Held  winding  of  the  rooto 
A  voltmeter  \n  also  connwttKi  between  the  supply  iiiaina. 

The  lei-t  is  made  with  no  current  in  the  field  and  the  fie 
cin.'uit  o|iiu.'!'  The  voltjij^e  applied  to  the  armature  terminals 
liliiwly  inereused  until  the  motor  starts  to  revolve.  At  the  instai 
that  the  motor  starts,  the  readings  of  all  the.  instruments  a. 
recordnl  iin  |«t  the  following  tabular  form: 

Volls  l>etwei;n  Ani|)eres  in  tlie  Volta  Induced 

annaUire  nrniature.  In  Held 

teniilnalH.  iKacli  pliaBC.)  wiudtngs. 


After  till'  iniilor  stMrts,  the  voltajre  applietl  to  the  armatui 
terminals  U  kejit  eoiiritaiil;  and  the  time  re(]uired  for  the  motor  I 
iitl!tin  synchroiiourt  S|Htil.  ivi'koned  from  the  instant  it  starts, 
(iliservdi.  The  exact  instant  thiit  sym-hronism  ia  roachetl.  is  ind 
futed  by  violent  swini^s  of  the  [Kiintcrs  of  the  atnnieters  as  well  i 
(hose  of  tin-  vultnieteis  eonneeled  lo  the  armature  terminals.  J 
sviiclirouism,  iuiother  set  of  ob^erviilifiris  ia  taken. 

Tiiis  proci'ilnre  is  repciiled  fur  ii  weriea  of  initial  positions  i 
the  ariiiiHure,  llie  odjeet  beinij  to  tinil  llie  most  unfavorable  j»b 
lion  uJ  the  armaturi-  and  the  nirrespon<Iing  starting  current,  an 
the  time  reipiired  to  reach  synchronous  s[>eed  from  this  mo 
unfavomblf  jio.'itiuii. 

Tlie  series  of  initial  positions  of  the  armature  are  chosen  i 
follows: 

The  i-ir(Minirerfiii/e  tirilie  iirrniiUire  lietween  the  centers  of  two  adj 
cent  lielil  imleK  is  <livi(lt<l  into  a  niinilier  oreijual  parts,  this  uunilier  P' 
lieiii);  a  niiilliiile  of  (lie  nuinlier  of  (iliases,  nor  of  the  number  of  elots  p 

*N(>TI':.  Tilt.'  jirimar.v  of  ilie  ixitential  transronner  takea  liut  litl 
current.  :ui<l  tlie  iWlil  eirenil.  to  nil  Inleiits  niitl  )inriiiises,  is  upen. 


ALTERNATING  CURRENT  MACHINERY  201 


pole  per  phase;  usually  there  are  seven  parts.  The  starting  positions  thus 
chosen  will  include  every  possible  position  that  a  magnet  pole  may  have 
relative  to  an  armature  slot.  These  parts  are  marked  by  chalked  lines, 
and  the  various  starting  positions  of  the  armature  relative  to  the  field 
magnet  poles  are  determined  by  setting  each  of  the  marks  in  succession 
into  coincidence  with  a  given  field  pole  tip. 


THE  TRANSFORMER. 

8i.  Tlie  transformer  consists  of  two  separate  and  distinct 
coils  of  wire  insulated  from  each  other,  and  wound  upon  one  and 
the  same  laminated  iron  core.  Fig.  217  shows  a  sectional  view  of 
a  common  con)mercial  type  of  transformer. 

In  practice,  one  of  the  coils  receives  alternating  current  from 
a  high-  (or  low)  voltage  source  of  supply ;  and  the  other  coil  delivers 
alternating  current  to  a  receiving  system  at  alow  (or  high)  voltage. 
When  the  transformer  receives  alternating  current  at  high  voltage 
and  delivers  it  at  low  voltage,  we  have  what  is  called  step-down 
transformation;  when  the  transformer  receives  alternating  current 
at  low  voltage  and  delivers  it  at  high  voltage,  ws  have  w^hat  is 
called  step-up  transformation. 

The  coil  of  a  transformer  which  receives  alternatintr  current 
froin  a  source  of  supply,  is  called  the  primary  coil;  and  the  coil 
which  delivers  alternating  current  is  called  the  secondary  coil. 

In  Fig.  217,  each  limb  of  the  core  is  wound  with  half  of  the 
Becoiidary  coil  (coarse  wire)  next  to  the  core,  and  witli  half  of  the 
primary  coil  (line  wire)  over  the  secondary. 

The  alternator,  as  we  have  already  seen,  is  a  machine  in  which  an 
alternating  electromotive  force  is  produced  by  the  cutting  of  a  permanently 
^BtabliHhed  magnetic  flux  by  wires  on  account  of  the  motion  of  the  flux 
irelative  to  the  wires. 

The  transformer,  on  the  other  hand,  is  an  arrangement  whereby  an 

«iltemating  electromotive  force  is  produced  in  a  stationary  coil  of  wire 

(secondary)  by  reversals  of  magnetic  flux  through  a  stationary  iron  core, 

these  reversals  of  flux  being  produced  by  alternating  current  supplied  to 

the  primary  coil  of  the  transformer. 

82.  Physical  Action  of  the  Transformer.  WUhout  Load. 
When  the  secondary  of  a  transformer  is  on  open  circuit,  it  can  of 
course,  deliver  no  current;  and  the  transformer  is  said  tobeo}ierat- 
ing  at  zero  load.     Under  these  conditions,  only  a  small  amount  of 
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altemstirte  cfirr^TA  5ows  throctrfa  ibe  firim*rT  coil.  This  carrei 
caOA^  rvj**tr<i  r»rv^ri*;s  of  niajjr.rf:*?  l*ax  throagh  the  iroo  cor 
Tlif^e  nrTer^a'i  of  rua^trtic  f  m  iL<iQe«:irIt*tromoiive  fora^  io  bol 
coils,  TLir  rIrt-tr'>r.'iOtiTe  force  thns  inilactrd  to  tht  primarr  coil 
oyfirmti:  in  'lirw^ion.  and  v^ry  ne«rlr  tninal.  to  the  clectroraotii 
force  applicfl  totinr  pnmarTcoil.  Orilr  the  (litTt;ivnc«^  betweeo  tl 
applie*!  el-^rtrotjiotivt  force  »n<i  the  opposing  iiKlawd  electroinotii 
fofce  is  avaiiaMe  for  prwinting  cartvnt  through  the  priiuair  coi 
and  eioce  this  difTcDrnct;  is  Einall.  tht^  pritiiarr  currvot  is  email  i 
zero  loa<l.  The  primary-  carrvnt  at  ztrro  load  is  called  the  no-loa 
CUfTOit  of  the  trailsformer. 

W't/i  I^Kul.  ^NTiether  the  Secondary  coil  of  a  tranefomier  i 
deliveriijg  current  or  oot.  the  reversals  of  magnetic  flnx  in  tl 
transformer  ccjre  always  induce  an  alternating  electroniotire  fore 
in  tlie  coil.  When  alternating  current  is  taken  from  the  secoodar 
of  a  transformer,  the  transformer  is  said  to  be  loaded.  The  actio 
of  tliis  secondary  current  as  it  flows  through  the  secondary  coil,  i 
to  op[iose  the  magnetizing  action  of  the  slight  carrent  alread 
flowing  in  the  primary  coil,  thus  decreasing  the  maximum  vala 
n-aclnil  t)V  the  alternating  magiietic  flux  in  the  core,  and  thereb 
di'<Teasing  the  induced  t-lectromotive  forces  in  Ijotli  coils.  Th 
auronnt  of  this  di'creiise,  however,  is  c /'^  «//!"//,  inasmuch  as  aver 
small  (iwircase  of  tin;  induced  electromotive  fon-e  in  the  primar 
roil  greatly  increases  the  dilfereiice  iM-tween  the  electromotive  fore 
iipiilicd  to  the  [iriniiiry  I'oil  and  the  op|K)sing  electromotive  force  ir 
(iueed  in  t!n>  primary  coil,  s(»  ihut  tin-  primary  current  is  greatl 
increased.  In  fad,  M<-  ;».■/--. rv,-  <,f  j.rh.oin/  <„n:nt  tbic  to  th 
l,i.i,lin-i  Kj'fl"-  tn'i,^l\n-i,ni-  ix  jiixt  ijnat  riioiiijl,  (»/■  wnj  tititdi, 

t..>  .-null',/    },.ihf„r,     ih.-    in.l.JUrthln.J    iU-thm  of  the    rlinrilt    tilth 

K,r'iii'l"i-ii  i-<i!l;  that  is,  the  tliix  in  the  core  must  be  maintaiue 
Hpiiroxirinitely  eonsijint  by  the  primary  current  whatever  value  tl 
Hceoiiiljiry  current  may  have. 

H3.  Electromotive  Force  and  Current  Relations  In  a  Tranj 
former.  EUi-lf"«-'t<i^<-  F<irix  U.I<it'iiiiiH,  The  electromotii 
forces  induced  in  tlie  resjuvtive  coils  of  a  transformer  are  propo 
tioniil  111  the  number  <if  turns  of  wiiv  in  eiicli;  and  from  the  aboi 
iliM-Uf-^ion  it  is  evident  lliiit  the  electromotive  force  induced  in  tl 
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primary  coil  is  sensibly  equal  to  the  supply  elect roniotiv^e  force, 
whether  the  transformer  is  loaded  or  not.     Therefore 

E^'  ~  2'"  (^  *  ) 

iu  which  E'  is  the  electromotive  force  applied  to  the  priuiary,  E" 
is  the  electromotive  at  which  the  secondary  coil  delivers  alternatintr 
current,  Z'  is  the  number  of  turns  of  wire  in  the  primary  coil,  and 
Z"  is  the  number  of  turns  of  wire  in  the  secondary  coil. 

Current  Relationn,  The  magnetizing  action  of  the  primary 
current  I'  of  a  transformer  having  Z'  turns  of  wire  in  its  primary 
coil,  may  be  expressed  by  the  product  Z' I',  that  is,  by  ampere-turns; 
and  similarly,  the  magnetizing  action  of  the  secondary  current  I" 
may  be  expressed  by  the  product  Z'T',  where  Z"  is  the  number  of 
turns  of  wire  in  the  secondary  coil.  Therefore  since  the  magnetiz- 
ing actions  of  the  two  coils  are  equal  (and  opposite),  we  have: 

ZT  =  Z"!", 

r      /" 

or  -p  =i''  (32) 


in  which  Z'  and  Z"  are  the  turns  of  wire  in  the  respective  coils;  I"  is 
the  current  delivered  by  the  secondary  coil;  and  I'  is  the  increase  of 
current  taken  by  the  primary  coil  over  and  a])Ove  the  no-load  cur- 
rent, due  to  the  fact  that  the  secondarv  coil  is  deliverintr  current. 

Now,  in  most  commercial  transformers  the  no-load  current  is 
quite  small;  and,  neglecting  this  current  entirely,  the  only  current 
in  the  primary  coil  would  be  the  increase  of  primary  current  due 
to  the  fact  that  the  secondary  coil  is  delivering  current.  There- 
fore equation  32  expresses,  with  sutlicient  accuracy  for  most  pur- 
poses, the  relation  between  the  actual  primary  current  1'  and  the 
secondary  current  I". 

84.  Summary  of  Electromotive  Force  and  Current  Rela- 
tions in  a  Transformer.  A  transformer  which  dt^livers  current 
I"  to  a  receiving  circuit,   takes  an   amount   of  current  ecjual   to 

Z" 

I"  X  -r7T{=  I')  from  the  source  of  supply.     The  electromotive  force 

of  the  source  of  supply  is  E',  and  the  electromotive  force  at  which  tlit^ 

Z" 

secondary  delivers  current  is  equal  to  E'  .-^   -yri^^E"). 
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Exainph.  A  certain  transformer  rated  at  5i  kilowatts  has 
600  turns  of  wire  in  its  priinarv  coil  and  66  turns  of  wire  in  its 
secondary  coil.     The  primary-  coil  is  connected  between  1,100- volt 

•  Is 

supply  mains.     Therefore  the  secondary  electromotive    force,  hy 
equation  31  is: 

E"  ---=  :,.  X  E'  =-4^.Y.  l.UtO  =110  volts. 

If  ten  lamps,  each  taking  half  an  ampere,  are  connected  to 
the  secondary  coil,  the  secondary  current  will  be  5  amj)eres;  and 
the  primary  current,  by  e<|uation  82  will  l)e: 

I    =  yr  X   1"  -^  pjT^j  >    o  --^  .o  ampen?. 

Tlie  yK>wer  delivered  to  the  lamps  by  the  secondary  coil  is 
equal  to  E"  I",  since  the  lamp  circuit  is  non-inductive.    That  is: 

Pov.er  delivereil  to  lamps  —  110  volts  X  5  amperes  =  550 
watts.  Tlie  jyower  delivereii  to  the  {)rimary  coil  in  this  case  (non- 
inductive  secondary  circuit),  is  e(jual  to  E'  I'.     That  is: 

Power  delivereii  to  primary  =  1,100  volts  X  0.5  am|)eres  = 
550  watts. 

If  100  lamps,  each  takint:j  half  an  ampere,  are  connected  to 
the  secondary  coil,  the  secondary  current  will  be  50  am]>eres,  and 
the  primary  current  will  be  5  amperes;  tlie  jjower  delivere<l  to  the 
lamps  will  be  5,500  watts,  and  the  ])ower  delivered  to  the  primary 
coil  will  also  Ix^  5,500  watts. 

The  above  calculations  icrnore  the  following  actions  which 
take  place  in  an  actual  transformer: 

ia)  Losses  of  electromotive  foree  in  overconiiiijj:  the  resistances  of 
])riniary  and  secondary  coils. 

(/>)      Losses  of  j>ower  (  T-^I^)  in  the  primary  an<l  secondary  eoil; 

{<')  Loss  of  i)ower  in  tlie  iron  eore,  due  to  hysteresis  and  eddy  cur- 
rent« 

85.  Automatic  Action  of  the  Transformer.  AVhen  the  load 
on  a  transformer  is  increased,  the  primary  of  the  transformer 
automatically  takes  additional  current  and  ]>ower  from  the  supply 
mains  in  direct  j)roportion  to  the  load  on  the  secondary.  When 
the  load  on  the  secondary  is  reduced,  for  example  by  turnintr  off 
lamps,  the  power  taken   from  the  supply  mains  by  the  primary 
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eoil  is  automatically  reduced  in  ])roj)ortion  to  the  decrease  in  the 
load.  Tliis  automatic  action  of  the  transformer  is  due  to  the 
balanced  magnetizing  action  of  the  primary  and  secondary  cur- 
rents;  and  it  is  illustrated  in  the  above  example. 

86.  Comparison. of  the  Actual  with  the  Ideal  Transformer. 
The  foregoing  discussion  of  electromotive  force  and  current  rela- 
tions in  a  transformer  is  based  upon  the  following  assumptions  : 

(a)  That  the  no-load  current  of  the  transformer  is  ne^li^ible,  and 
that  it  represents  no  power  taken  from  tlie  nupply  niaiuH;  or,  in  other 
words,  that  eddy-current  and  hysteresis  losses  are  alment. 

(b)  That  the  resistanee  of  the  coiIh  is  ne^liKU>le,  so  that  tlie  electro- 
motive force  applied  to  the  primary  coil  is  wholly  halanred  hy  the  oppos- 
ing electromotive  force  in  the  primary  coil,  and  so  that  the  whole  of  the 
electromotive  force  induced  in  the  secondary'  coil  is  available  at  the  termi- 
nals of  that  coil. 

(c)  That  all  the  maKuetic  flux  which  passes  throii><:h  the  prinuiry 
ooll  passes  through  the  secondary  coil  also;  or,  in  other  words,  that  there 
is  no  magnetic  leakage. 

A  transformer  that  would  meet  these  conditions  would  be  an 
ideal  transformer.  A  well-designed  transformer  operating  on  mod- 
erate load  does  approximate  quite  closely  to  the  ideal  transformer 
in  its  action;  and  equations  81  and  32  are  nuich  used  in  practical 
calculations.  For  some  purposes,  however,  it  is  (h»sirable  to  con- 
sider the  action  of  the  transformer,  takin<r  account  of  coil  resist- 
ances,  of  eddy  currents  and  hysteresis,  and  of  the  fact  that  some 
lines  of  magnetic  flux  pass  through  one  coil  without  passing  throuo-h 
the  other  (magnetic  leakage).  The  extent  to  which  a  well -designed 
transformer  deviates  from  an  ideal,  is  exemplified  bv  tin*  followimr 
actual  results  obtained  with  the  5.1-kilowatt  transformer  used  in 
the  example  of  the  precwling  article: 

At  no  load,  tlie  value  of  E"  is  109.8  volts;  the  no-I<md  current  is  0.12?) 
amperes;  and  the  power  taken  from  the  mains  hy  this  no-load  current 
(core  loss)  is  100  watts.    This  core  loss  is  nearly  constant  at  all  loads. 

When  100  lamps,  taking  50  amperes  of  current,  are  connected  to  the 
secondary,  then  E"  is  107.2  volts.  The  RI^loss  in  the  primary  coil  is  Tm 
watts;  and  the  RV  loss  in  the  secondary  is  (>o  watts.  Therefore  the  power 
delivered  to  the  lamps  is  5.H6  kilowatts;  the  power  taken  from  the  supply 
mains  is  6,860  -f  100  -f  65  +  65,  which  is  equal  to  5,590  watts;  and  the  full- 
load  efficiency  of  the  transformer  is  96  per  cent. 

87.  Maximum  Core  Flux.  In  the  designing  of  transformers 
and  in  the  predetermination  of  core  loss,  it  is  necessary  to  calcu- 
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late  the  iiiaxiniuin  value  reached  ])y  the  alternatinfr  macrnetic  flux 
throujrh  the  transformer  core.  This  maximum  value  of  the  core 
flux  may  be  easily  and  accurately  calculated  by  means  of  the  follow- 
ing formula  for  a  harmonic  (that  is,  sine-wave)  electromotive  force: 

_       E-  X  10^  .      . 

"^        4.44  X  Z  X  /  ^^^^ 

in  which  4)  is  the  maximum  value  of  the  core  flux,  and  is  equal  to 
the  product  of  maximum  flux  density  and  sectional  area  of  the 
core  (=  ^A);  E'  is  the  effective  value  of  the  electromotive  force 
applied  to  the  primary  coil;  Z'  is  the  number  of  turns  of  wire  in 
the  primary  coil;  and /'is  the  frequency  of  the  applied  electromo- 
tive force,  in  cycles  per  second. 

J)eriv(ttfon'  of  K (putt ton  33.  Consider  the  instant  when  the 
core  flux  is  at  its  maximum  positive  value  4>.  After  a  quarter  of 
a  cycle,  or  after  --jr  second,  the  flux  is  reduced  to  zero.  Tlie  aver- 
age rate  of  change  of  the  flux  during  this  (juarter  of  a  cycle,  is 
equal  to: 

total  change  of  flux         *    a^^ 

elapsed  time  -  V 

which  is  equal  to  the  ovenK/e  electromotivi»  force  (in  c.g.s.  units) 
induced  in  each  turn  of  wire  in  the  primary  coil.  Therefore  the 
total  electromotive  force  iixluced  in  the  Z'  turns  of  wire  in  the 
])rimary  coil,  is  4/'4>Z'  c.g.s.  units,  or  4/'<|)Z'  -'-  10"*  volts,  since 
lif  c.g.s.  units  equal  1  volt. 

This  average  value  of  the  induced  electromotive^  force  is  equal 
(very  nearly)  to  the  avtM'agt*  value  of  tlit^  electromotive  fori*e 
applied  to  the  {)riniarv  coil;  and  it  must  be  multipruHl  by  the  form 
fjictor*  of  the  electromotive  force  curve  to  tjive  the  elTectivi^  value 
E'  of  the  ap])lied  electromotive  force.  The  form  factor  of  a  sine- 
wave  electromotive  force  is  l.ll.     Therefore 

E'  =  1.11  X  average  value  =  4.44,/'<I>Z'  -^  1(/  volts. 

Hence,  solving  for  <l>,  we  have  equation  83  at  once. 

Example.  In  the  5 .\- kilowatt  transformer  used  as  an  illus- 
tration  in  Articles  84  and  SC),  there  are  ()<>()  turns  of  wire  in  the 
prinuiry  coil,  that  is  Z'  —  (»<)().     This  primary  coil  is  connected  to 

♦(8ee  Articles.) 


St\% 


ALTERNATING  CURRENT  MACHINERY  207 


alternating-current  supply  mains  so  that  the  electromotive  force 
applied  to  the  primary  coil  is  1,100  volts  (effective).  The  fre- 
quency of  the  electromotive  force  is  125  cycles  per  second  (=./*). 
In  the  assumption  that  the  electromotive  force  wave  is  a  sine  curve, 
we  have,  using  equation  33: 

^  1,100  X  10* 

<I>  =  4  .  <  ..  ui*ix — rzT^  =  300,000  lines  of  magnetic  flux. 
4.44  X  b(>0  X  12u  ^ 

This  is  the  maximum  value  of  the  alternating  magnetic  flux  in  the 

transformer  core. 

The  cross -sectional  area  A  of  the  transformer  core  is  15A 
square  inches,  so  that  the  maximum  value  of  the  magnetic  flux- 
density  in  the  core  is 

*        300,000        ...ornr  •     V, 

'-r-=  — fej —  =  iy,o50  lines  per  square  inch. 

This  is  equivalent  to  a  flux-density  of  3,000  lines  |)er  square 

centimeter.     Flux-density  in  lines  per  square 

centimeter   is   usually   represented  by  the      ♦£' 

letter  ^ 

88.     Ideal  Transformer  Action  Qraph- 

ically  Represented.    Case  a.     Wif/toift  Load. 

The  line  0<I>  in  the  clock  diagram,  Fig.  181, 

represents  the  alternating  magnetic  flux  in  the 

core  of  a  transformer,  the  line  OE'  represents 

the  electromotive  force  applied  to  the  primary    o\/^  %  ^ 

coil,  and  the  line  OE"  represents  the  electro- 
motive force  induced  in  the  secondary  coil. 
When  the  transformer  is  at  zero  load,  the 
current  in  the  primary  coil,  Iq,  (the  no-load 
current)  lags  greatly  behind  the  a])plied  electromotive  force  E',  as 
shown  in  the  figure,  in  which  the  line  OIq  represents  the  no-load 
current.  The  electromotive  forces  induced  in  both  primary  and 
secondary  coils  are  t)0^  behind  the  core  flux,  ()4),  in  phase,  and 
the  electromotive  force  OE'  a])plied  to  the  primary  coil,  being  at 
each  instant  opposite  to  the  electromotive  force  induced  in  the 
primary,  is  90'  ahead  of  0<I)  in  phase. 


Fig.  181. 
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Case  b.  With  Load^  ReceivirKj  Circuit  Nearly  H^on-IuduC' 
tive.  The  lines  O*,  OE',  OE",  and  OIq  in  Fig.  182  represent 
alternating  core  flux,  primary  applied  electromotive  force,  secondary- 
induced  electromotive  force,  and  no-load  current,  exactly  as  in 
Fig.  181.  The  line  OI"  represents  the  secondary  current  lagging 
slightly  behind  the  secondary  electromotive  force  OE";  and  the 
line  OA  represents  the  increase  of  primary  current  due  to  the 
loading  of  the  transformer.  The  total  primary  current  is  repre- 
sented by  the  line  OF,  which  is  the  vector  (or  geometric)  sum  of 
OA  and  OIq.  The  current  OA  is  exactly  opposite  to  OX"  in 
phase;  and  the  product  of  this  current  OA  and  the  primary  turns 

Z'  balances  the  ujaornetizintj  action  Z"I"  of 
the  secondary  current.  As  is  evident  from 
Fig.  182,  the  loading  of  a  transformer  (nou- 


Fig.  182.  Fig.  las. 

inductive  load)  not  only  increases  the  value  of  the  primary  current, 
but  reduces  its  angle  of  lag  behind  the  primary  applied  electromo- 
tive force.  Thus,  at  zero-load  the  primary  current  is  OIq;  and 
when  the  transformer  is  loaded  (non-inductive  load)  the  primary 
current  lx?comes  OF. 

Case  c.  WIf/i  Load^  liecelvimj  Circuit  Highly  Induetive. 
In  Fig.  183  the  line  OF'  represents  the  current  delivered  by  the 
secondary  coil  of  a  transformer  to  a  highly  inductive  receiving 
circuit;  the  line  OA  represents  the  increase  of  primary  current  due 
to  the  load;  and  OF  represents  the  total  primary  current.  In  this 
case,  also,  the  part  OA  of  the  primary  current  is  exactly  opposite 
iu  phase  to  the  secondary  current  01". 
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89.  Influence  of  Coil  Resistances  and  Hagnetic  Leakage 
Oraphically  Represented.  The  discussion  given  in  tlie  foregoing 
article  takes  account  of  the  no-load  current  of  a  transformer.  This 
xio-Ioad  current  is  the  only  factor  that  affects  the  ideal  relation 
(equation  32)  between  primary  and  secondary  currents  in  a  trans- 
:fforiner.  Coil  resistances  and  magnetic  leakage  are,  on  the  other 
liaiid,  the  only  things  that  affect  perceptibly  the  ideal  relations 
(equation  31)  of  primary  and  secondary  electromotive  forces. 

Magnetic  leakage  is  ecjuivalent,  in  its  effect  upon  the  action 
^)f  a  transformer,  to  an  outside  inductance  (a  choke  coil)  connected 
In  series  with  the  primary  coil.  Let  L'  be  this  inductance  (in 
iienrys)  which  is  equivalent  to  the  magnetic  leakage  of  a  trans- 
:fornier.  Then  co  L'  (eo  equals  27r  times  the  frecjuency)  is  the  re- 
actance (in  ohms)  of  this  inductance. 

The  effects  of  coil  resistances  and  uiagnetic  leakage  upon  the 
ideal  relation  between  E'  and  E",  are  shown  in  the  clock  diagram, 
Fig.  184. 

The  total  electromotive  force  OE'  applied  to  the  primary  coil  is  used 
(a)  to  overcome  the  resistance  K'  of  the  primary  coil;  {b)  to  overcome  the 
electromotive  force  induced  in  the  primary  coil  hy  the  leakage  tlux;  and 
(c)  to  balance  the  electromotive  force  induced  in  the  primarj-  coil  by  the 
magnetic  flux  04>,  which  passes  through  both  coils 

The  part  (a)  of  OK'  is  equal  to  R'l',  and  it  is  in  phase  with  I'.  The 
part  (b)  of  OE'  is  equal  to  wLT,  and  it  is  90^  ahead  of  V  in  phase.  The 
part  (c)  of  OE'  is  represented  by  the  line  O A'.    The  total  electromotive 

force  induced  in  the  secondary  coil  is  equal  toOA'  x  -7^-.  This  elect romo- 

tive  force  is  represented  by  the  line  OB.  A  portion  of  this  total  induced 
electromotive  force  OB  is  used  to  overcome  the  resistance  R"  of  the  sec- 
ondary coil;  and  the  remainder  OE"  is  available  at  the  terminals  of  the 
secondary  coil  to  force  current  through  the  secondary  receiving  circuit. 
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E" 
From  Fig.  184  it  is  evident  that  the  ratio     -  is  less  than   its 

Z"  O  B  ' 

ideal  value    „,    (=___)  l)ecause  of  the  "resistance  loss"  R'l'  of 

/j  UA* 

electromotive  force  in  the  primary  coil,  because  of  the  ''leakage 
loss"  L'l'  of  electromotive  force  in  the  primary  coil,  and  because 
of  the  "resistance  loss"  Ii"I"  of  electromotive  force  in  the  sec- 
ondary coil. 

Transformer  Regulation  with  Non-inductive  Load.     When 
a  transfonner  secondary  delivers  current  to  a  non-inductive  circuit, 

then  01"  Fig.  184  is  parallel  to  OB, 
and  01'  is  nearly  parallel  to  OE',  so 
that  R'l'  is  nearly  parallel  to  OE', 
and  ft)L'I'  is  nearly  at  right  angles 
to  OE'.  Therefore  the  difference  in 
value  between  OE'  and  O A'  is  nearly 
equal  to  R'l',  and  nearly  independ- 
ent of  coLT.  Therefore  the  falling 
off  E"  of  secondary  voltage,  with  in- 
crease of  load,  is  due  almost  wholly 
to  RT  and  to  Ii"I"  when  the  receiv- 
ing circuit  is  non-inductive,  and  is 
not  due,  to  any  perceptible  extent, 
to  magnetic  leakage. 

Transformer  Regulation  with 
Highly  Inductive  Load.  When  a 
transformer  secondary  delivers  cur- 
rent to  a  highly  inductive  circuit, 
then  OI",  Fig.  184,  is  nearly  at  right  angles  to  OB,  and  01' 
is  nearly  at  right  angles  to  OE'  so  that  IVV  is  nearly  at  right 
angles  to  OE';  (oL'V  is  nearly  {parallel  to  OE',  and  further,  R"I" 
is  nearly  at  right  angles  to  OB.  Therefore  the  difference  in  value 
between  OE'  and  OA'  is  nearly  equal  to  wLT,  and  nearly  inde- 
pendent of  RT,  while  OB  is  nearly  equal  to  OE".  Therefore  the 
falling  off  E"  of  secondary  voltage,  with  increase  of  load,  is  due 
chiefly  to  wLT  (that  is,  to  magnetic  leakage)  when  the  receiving 
circuit  is  highly  inductive,  and  is  not  due  to  any  great  extent  to 
coil  resistances. 
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Example,  The  primary  of  a  cjertain  lOkilowatt  (1,000- volt 
:  100-voIt)  transformer  has  a  resiBtance  of  1.5  ohms,  and  the  sec- 
ondary coil  has  a  resistance  of  0.015  ohms.  The  secondary  coil 
delivers  100  amperes  to  a  non-inductive  receiving  circuit;  and, 
ignoring  no-load  current,  the  primary  takes  10  amperes  from 
1,000- volt  mains.  The  HI  loss  of  electromotive  force  in  the  pri- 
mary coil  is  therefore  1.5  ohms  X  10  amj)eres  =  15  volts,  so  that 
the  portion  OA',  Fig.  1S4,  of  the  primary  applied  voltage  is  very 
nearly  1,000  -  15  =  985  volts.     Therefore  the  total  electromotive 

Z" 

force  OB  induced  in  the  secondary  coil  is  ^—  X  985  volts  =  98.5 

volts.  The  lil  loss  of  electromotive  force  in  the  secondary  coil  is 
0.015  ohms  X  100  amperes  ^  1.5  volts,  so  that  the  electromotive 
force*  between  the  terminals  of  the  secondary  coil  is  98.5  volts  -  1.5 
volts,  or  97  volts.  In  this  case,  the  secondary  receiving  circuit  is 
non-inductive,  and  the  portion  wLT  of  the  primary  apj)lied  volt- 
age is  nearly  at  right  angles  to  E'.  This  loss  of  voltage  wL'I'  has 
therefore  no  appreciable  effect  in  lessening  the  value  of  the  avail- 
able part  OA'  of  the  primary  applied  voltage  E'. 

The  leakage  reactance  coL'  of  the  a])ove  transformer  is  5  ohms. 
If  the  secondary  coil  delivers  100  amperes  of  current  to  a  very 
highly  inductive  receiving  circuit,  then  this  100  amperes  is  nearly 
90^  behind  OB,  P'ig.  184,  in  phase;  and  the  primary  current  of  10 
amperes  is  nearly  90^  behind  OxV  in  phase.  Therefore  the  leakage 
voltage  loss  coL'I',  which  is  equal  to  50  volts,  is  nearly  parallel  to 
OA',  so  that  OA'  is  very  nearly  equal  to  1,000  volts  -  50  volts,  or 

Z " 

950  volts,  and  E"  is  very  nearly  equal  to  y,-  X   950  volts,  or  95 

volts.  In  this  case,  RT  and  K'  I"  are  nearly  at  right  angles  to 
OA'  and  OB,  and  these  resistance  losses  of  voltage  do  not  have  an 
appreciable  effect  in  lessening  the  secondary  terminal  voltage  E". 
The  above  discussion  of  the  effects  of  coil  resistances  and  of 
magnetic  leakage  shows  that  the  ratio  of  E'  and  E"  is  very  nearly 

Z' 

equal  to  its  ideal  value  ^  when   the  primary  and  secondary  cur- 

rents  of  a  transformer  are  small,  that  is,  when  the  load  on  the 
transformer  is  zero. 


« 


•u:.r 


J  '  I 


ji*>:« 


cccz^xast  -  %  viftaiCC 


J*-. 


•7   i  .-c 


I  • 


.  •     r       f.    ','?,'..*/      •.  -    '     **    ,  .-     r**..rf* 


r    .-  a  TrXL-:-   TTl-c:    ? 


«.  "i  ##f«^M*tir  UimkM%K. 


ALTERNATING  CURRENT  MACHINERY 


213 


to  infer  the  value  of  the  given  voltage  from  the  measured  value  of 
the  transformed  voltage.  Specially  designed  transformers,  how- 
ever, are  not  necessary  for  this  purpose,  for  the  reason  that  the  volt- 
meter used  for  measuring  the  transformed  voltage  usually  takes 
very  little  current,  and  it  is  the  currents  in  a  transformer  that  dis- 
turb the  ideal  ratio  of  voltage  transformation. 

91.  Connections  of  Multi-Coil  Transformers.  Most  com- 
mercial transformers  are  now  made  with  two  (or  more)  primary 
coils,  and  with  two  (or  more)  secondary  coils.  Each  of  the  pri- 
mary coils  of  such  a  transformer  may  be  adapted  to  direct  connec- 
tion to  1,100- volt  mains,  and  be  wound  with  wire  large  enough  to 
carry  say  10  amperes  without  undue  heating.  In  this  case,  if 
these  two  primary  coils  are  pro{)erly  connected  in  parallel  they 
constitute  in  effect  a  single  primary  coil,  suited  to  direct  connec- 
tion to  1,100-volt  mains,  and  capable  of  taking  20  amperes  with- 
out undue  heating.  On  the  other  hand,  if  these  two  primary  coils 
are  properly  connected  in  series,  they  constitute  in  effect  a  single 
primary  coil  suited  to  direct  connection  to  2,200-volt  mains,  and 
capable  of  taking  10  am|)ere8  of  current  without  undue  heating. 
Each  of  the  secondary  coils  of  such  a  transformer  may  likewise  be 
adapted  to  deliver  100  amperes  at  110  volts,  in  which  case  the  two 
secondaries,  if  properly  connected  in  parallel,  constitute  in  effect  a 
single  secondary  coil  adapted  to  deliver  200  amperes  at  110  volts; 
whereas  if  the  two  secondaries  are  properly  connected  in  series, 
they  constitute  in  effect  a  single  secondary  adapted  to  deliver  100 
amperes  of  current  at  220  volts. 
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Fig.  186. 


Fig.  187. 


Two  coils  of  a  transformer  (primary  or  secondary)  are  prop- 
erly connected  in  parallel  when  the  current  which  divides  between 
them  flows  around  the  core  in  the  same  direction  in  both  coils, 
that  is,  so  that  both  coils  magnetize  the  core  in  the  same  direc- 
tion. Proper  and  inipro|)er  connections  in  parallel  are  shown  in 
Figs.  186  and  187. 
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Two  coils  of  a  trmn^former  « primarr  or  eecoiidanr  i  are  properly 
ooDoected  in  series  when  the  current  which  flows  through  them  flows 
around  the  core  in  the  same  direction  in  both  coils.  Proper  and 
improper  connections  in  series  are  shown  in  Figs.  ISS  and  1S9. 

When  two  primaries  of  a  transformer  improperly  connected 
in  parallel  are  connected  to  the  supply  mains,  the  currents  in  the 
coils  oppose  each  otht- r  in  their  magnetizing  action  on  the  core. 
The  resist  is  that  the  core  is  not  preceptibly  magnetized;  bnt 
little  opposincf  electromotive  force  is  induced  in  the  coils  <by  leak- 
a^tf  flux-:  and  the  two  improperly  connected  coils  constitute  a 
i*hort  circuit  when  thfV  are  connected  to  the  supply  mains. 


flf-r 


\m  m 


L= 


L^ 


Fig.  188. 


Fig.  189. 


When  two  primaries  of  a  transformer,  improperly  connected 
in  series,  are  connected  to  the  supply  mains,  the  current  which 
Hows  through  the  two  coils  will  have  equal  and  opposite  magnet- 
izing actions  in  the  two  coils.  The  core  flux  will  therefore  be 
practically  zero,  and  no  counter  electromotive  force  will  be  induced 
in  the  windings  to  balance  the  applied  electromotive  force.  The 
flow  of  current  is  therefore  hindered  only  by  the  coil  resistances, 
and  by  the  electromotive  forces  induced  by  the  leakage  flux.  The 
result  is  that  two  coils  improperly  connected  in  series  constitute  a 
short  circuit  when  they  are  connected  to  the  supply  mains. 

Two  secondary  coils  improperly  connected  in  parallel  give 
rise  to  nhort-circuit  conditions.  Two  secondary  coils  improperly 
connected  in  series  do  not  lead  to  short-circuit  conditions,  but  give 
zero  electromotive  force  between  their  terminals. 

93.  Arrangement  for  Transformers  for  the  Edison  Three- 
Wire  System.  ( Si n^rle- Phase.)  The  Edison  three- wire  system, 
extensively  used  in  direct-current  distribution,  is  commonly  used 
in  altt^rnatiiifr.eurrent  distribution. 

Fig.  11)0  shows  two  transformers  properly  connected  for  sup- 
plying current  to  a  three- wire  system;  and  Fig.  191  shows  two 
transformers    improperly  connected   for  supplying   current  to  a 
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three-wire  system.  In  the  proper  connection,  the  middle^  secondary 
main  c  carries  only  the  diiference  of  the  currents  in  the  outside 
mains  a  and  b/  and  in  the  improper  connection,  the  current  in 
the  middle  secondary  main  is  the  sum  of  the  currents  in  the  out- 
side mains.  The  proper  connection  gives  double  voltage  In^tween 
the  outside  secondary  mains  and  the  improper  connection  gives 
zero  voltage  between  outside  secondary  mains. 

The  Edison  three-wire  system  must  not  be  confused  with  the 
two-phase  and  three-phase  three-wire  systems.     The  advantages  of 


'tOOVOLrsJfi  100  VOLTS  •  * 

k 200  VOLT^ J 

Fip.   UK). 


the  Edison  three-wire  system  wlien  used  for  tlio  distribution  of 
single-phase  alternating  currents,  are  exactly  the  same  as  the  ad- 
vantages of  this  system  when  usud  for  the  distribution  of  direct 
currents — namely,  a  great  saving  in  the  copper  recjuiriMl  in  the  dis- 
tributing mains.  This  saving,  in  general,  amounts  to  five-eighths 
of  the  copper  that  would  be  recjuired  for  a  two-wire  system  using 
one-half  the  total  voltage  between  outside  mains.     As  explained  in 
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article  4  the  amount  of  copj)er  required  varies  inversely  as  the 
square  of  the  voltage  used. 

Single-phase  current  may  be  supplied  to  Edison  three-wire 
distributing  mains  by  a  single  transformer  having  two  secondary 
coils  proj)erly  connected  in  series  to  the  outside  mains,  the  middle 
main  being  connecti^d  to  the  junction  of  the  two  secondary  coils. 

93.  Banking  of  Transformers.  Two  service  mains  may  be 
suppliiHl  with  current  by  two  or  more  transformers  with  their  pri- 
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Fig.  191. 

marios  connivtiH.!  in  jKinillcl  K^twivn  the  supply  mains,  and  with 
their  st*ci>ndaries  prv^jvrly  connei.*tt\l  in  jxirallel  to  the  service  mains. 

Fig.  I'.^i  shows  two  tniusformers  pn.>|x*rly  ** banked''  so  as  to 
supply  current  to  the  two  service  mains  f  and  b.  In  many  lai^ 
transmission  svstems,  such  as  the  Niajrara- Buffalo,  a  dozen  or  morv* 
larije  transformers  may  K»  lumki^l  ion  each  phase "^  for  8tep>up  or 
step-down  transformation. 

94.  Connections  in  Series  (Current  Transformers).  In  some 
of  the  older  systems  of  distribution  by  alternating  currents,  it 
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was  desired  that  each  receiving  unit  (arc  lamp,  for  example)  should 
receive  a  constant  current  equal  to  the  whole,  or  to  a  definite  frac- 
tional part,  of  the  constant  current  delivered  by  an  alternator. 
This  condition  can  be  realized  by  supplying  each  unit  or  group  of 
units  from  the  secondary  of  a  separate  and  distinct  transformer, 
the  primaries  of  all  the  transformers  being  connected  in  series  as 
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Fig.  192. 

shown  in  Ficr.  103,  in  which  P,  P',  P",  P'",  etc.,  are  the  primaries 
of  the  respective  transformers;  S,  S',  S",  S'",  etc.,  are  the  trans- 
former secondaries;  and  A,  A',  A",  A'",  etc.,  are  the  receiving  units. 
For  this  kind  of  service,  where  the  primary  of  a  transformer  is 
supplied  with  a  definite  current,  and  it  is  desired  that  the  trans- 
former shall  deliver  to  a  receiving  unit  a  current  which  is  equal  to 
an  invariable  fractional  part  of  the  primary  current,  irrespective 
of  variations  of  resistance  in  this  unit,  the  transformer  must  be 
designed  to  take  as  small  a  magnetizing  current  as  possible,  for, 
according  to  the  discussion  in  article  88,  it  is  the  magnetizing  cur. 
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rent  that  disturbs  the  ideal  relation  of  primary  to  secondary  cur- 
rent in  a  transformer.  A  transformer  which  is  specially  designed 
to  realize  this  condition  is  sometimes  called  a  current  transformer. 

The  transformer  used  in  connection  with  the  composite  field 
excitation  of  an  alternator,  as  shown  in  Fig.  95,  is  a  current  trans- 
former which  delivers  a  current  equal  to  a  definite  fraction  of  the 
current  output  of  the  alternator  to  the  rectifying  commutator. 

The  current  transformer  is  frequently  used  for  sending  current 
equal  to  a  definite  fractional  part  of  an  alternating  current  through 
an  ammeter  from  the  reading  of  which,  together  with  the  known 
ratio  of  current  transformation,  the  value  of  the  whole  alternating 
current  is  deduced. 


Fig.   198. 

The  current  transformer  here  described  must  not  be  confused 
with  the  so-called  constant-current  transformer  described  in  arti- 
cle 108^/,  which  receives  variable  current  from  a  constant  voltage 
supply,  and  delivers  a  constant  current  to  a  group  of  receiving 
units  connected  in  series,  the  delivered  current  being  constant  irre- 
spective of  increase  or  decrease  in  the  number  of  receiving  units. 

The  connection  of  a  transformer  primary  in  series  in  a  circuit 
containing  many  other  elements  (lamps)  so  that  the  current  pass- 
ing through  the  primary  does  not  vary  much  wnth  the  varying  re- 
sistance of  the  circuit  to  which  the  secondary  of  the  transformer 
delivers  current,  gives  rise  to  actions  which  are  not  very  familiar 
to  electrical  engineers,  for  the  reason  that  this  arrangement  is  now 
seldom  used  in  practice.  The  actions,  however,  are  interesting. 
They  are  as  follows  : 

Fig.  104  represents  a  transformer  primary  P  connected  in 
series  in  a  circuit  containing  many  elements  e\  e\  e"\  e^^,  etc. 
(lamps).  The  action  will  be  described  in  two  steps — namely,  («) 
on  the  assumption  that  the  magnetizing  curientof  the  transformer 
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is  always  negligible,  and  (//)  without  the  aid   of  this  simplifying 
assumption. 

(a)  If  the  magnetizing  current  is  always  negligibly  small,  then  the 
current  in  A  is  e<iuai  to  a  fixed  fractional  part  of  the  sensibly  constant 
current  in  the  main  circuit,  so  that  any  increase  of  the  resistance  or  react- 
ance of  A  must  be  accompanied  by  a  corresponding  increase  of  the 
voltage  E",  which  is  pushing  current  through  A  ;  and  this  must  be  accom- 
panied by  a  corresponding  increase  of  tlie  voltage  K'  l>etween  the  terminals 
of  the  primary  coil  P.  Thus,  if  A  has  zero  resistance  and  zero  reactance 
then  E"  is  zero,  and  E'  is  zero.  That  is,  the  current  in  the  main  circuit 
flows  through  P  without  any  opposition  at  all,  Just  as  if  P  were  a  connec- 
tion of  zero  resistance. 
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Fig.   IJM. 

If  the  resistance  or  reactance  of  A  is  increased,  E"  (and  also  YJ)  must 
increase,  which  means  that  tlie  current  in  the  main  circuit  encounters 
greater  and  greater  opposition  in  flowing  tlirougli  P. 

If  tlie  circuit  of  A  is  opened  (infinite  renijstanee),  then,  on  the  above 
assumption  of  negligil>le  magnetizing  current,  tlie  opposition  to  the  How 
of  current  in  P  becomes  inllnite,  so  tliat  l)reaking  the  circuit  of  A  is  equiv- 
alent to  breaking  tlie  main  circuit. 

(6)  As  a  matter  of  fact,  as  the  resistance  or  reactance  of  A  is  in- 
creased, causing  an  increase  of  ¥J'  and  E',  tlie  magnetism  of  the  transformer 
core  must  increase  proportionally  with  YJ'  and  I^'  in  order  that  these 
increased  voltages  may  actually  be  induced  in  the  transformer  coils ;  and 
this  Increase  of  magnetism  of  the  core  re(|uires  more  and  more  majj:netiz- 
ing  current.  (It  must  l)e  remembered  that  the  magnetizing  current  is  that 
part  of  the  primary  current  wliose  magnetizing  action  is  not  balanced  or 
annulled  by  the  secondary  current  as  ex))lained  in  article  88.)  The  mag- 
netizing current,  therefore,  is  not,  always  negligible  irresi)ective  of  the 
resistance  of  A.  In  fact,  when  the  resistance  of  A  is  infinite  (open  cir- 
cuit), there  is  no  secondary  current;  all  the  current  in  the  coil  1*  is  mag- 
netizing current;  and  the  voltage  Y! ^  which  opposes  the  flow  of  current 
through  P,  rises  only  to  that  value  which  corresponds  to  the  degree  of 
magnetism  of  the  core  that  can  be  produced  l)y  the  magnetizing  action  of 
tiie  whole  primary  current.  The  transformer  then  becomes  simply  a 
choke  coil. 
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95.  The  Auto-Transformer.  Given  a  source  of  supply  of 
alternating  current:  This  current  may  be  delivered  to  a  receiving 
unit  in  three  ways: 

(a)  By  conuectiug  the  unit  directly  to  tlie  supply  mains. 

(b)  By  connecting  the  unit  to  the  secondan^'  of  a  transformer  of 
which  the  primary  is  conuecte<i  to  the  supply  mains. 

(e)     By  a  combination  of  methods  a  and  b. 

The  combination  method  may  be  realized  witli  any  ordinary 
transformer;  and  when  an  ordinary  transformer  is  so  used,  it  is 
called  an  auto-transformer. 

It  will  appear  in  the  following  discussion  that  when  the  voltage  of 
the  supply  differs  but  little  from  the  desired  service  voltage,  the  combina- 
tion method  is  much  preferable  to  the  method  in  which  the  transformer 
alone  is  used,  because  of  the  fact  that  a  smaller  transformer  sulYlces,  and 
because  the  combination  method  Involves  less  energy  loss.  This  combi- 
nation or  auto-transformer  method  is  quite  simple  of  treatment  when 
attention  is  conllued  to  a  particular  case;  but  it  is  complicated  when  at- 
tempt is  made  to  give  it  a  general  discussion,  that  is,  when  attempt  is 
made  to  discuss  all  the  theoretically  possible  ways  in  which  a  given  ordi- 
nary transformer  may  be  used  as  an  auto-transformer. 

In  Fig.  195  A  and  B  are  alternating-current  supply  mains, 
between  which  the  voltage  is  say  100;  C  and  D  are  service  mains, 
to  which  it  is  desired  to  deliver  alternatinor  current  at  90  or  110 
volts;  Pand  S  are  the  primary  and  secondary  coils  of  an  ordinarj^ 
transformer.  The  primary  P  is  connected  to  A  and  B  as  shown. 
The  secondary  S  has  one- tenth  as  many  turns  as  P,  therefore  the 
voltage  induced  in  S  is  one- tenth  of  the  voltage  acting  on  P,  or  10 
volts.  Let  the  dotted  arrows  represent  the  directions  of  the  induced 
electromotive  forces  in  the  two  coils  at  a  given  instant.  Then  the 
long  heavy  arrow  will  represent  the  direction  of  the  voltage  between 
the  mains  at  the  same  instant,  inasmuch  as  the  induced  voltage  in 
the  primary  coil  of  a  transformer  is  always  opposeil  to  the  supply 
voltage. 

[a)  Affto-Step-uj)  Tranftforniatimi.  The  10  volts  induced 
in  the  coils,  Fig.  195,  will  help  push  current  into  the  service  mains 
if  we  connect  from  supply  main  A,  out  of  which  the  current  at  the 
given  instant  is  tending  to  flow,  to  terminal  g  of  coil  S,  connect 
from  terminal  f  to  service  main  C,  and  connect  from  service  main 
D  to  supply  main  B,  as  shown  by  the  dotted  lines.     In  this  case, 
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Fig.  ia5. 


the  voltage  induced  in  the  coil  8  is  added  to  the  supply  voltage, 

and  the  service  voltage  is  therefore  110  volts. 

(h)     AutO'Step'down  Trans  format  ton.     The   ten    volts  in- 

dnced  in  the  coil  S  will  oppose  the  flow  of  current  into  the  service 
mains  if  we  connect  from  supply  main  A  to  terminal/',  con  nee*  t 
from  terminal  </  to  service  main  (\  and  connect  from  service  main 
D  to  supply  main  B,  as  shown 
by  the  dotted  lines  in  Fig.  IIM), 
In  this  case  the  induced  voltage 
in  the  coil  S  is  subtracted  from 
the  supply  voltage,  and  the  serv- 
ice voltage  is  now  90. 

Current  Relations  in  the 
Auto-Transformer.  In  Figs. 
195  and  196  the  directions  of  the 

induced  voltages  in  P  and  S  are  shown  by  the  dotted  arrows.  These 
induced  voltages  are  in  the  same  direction  in  the  two  coils.  The 
currents  in  the  two  coils  of  a  transformer  are,  on  the  other  hand, 
always  in  opposite  directions,  inasmuch  as  they  balance  each 
other's  magnetizing  action.  Suppose  for  the  sake  of  concreteness 
that  ten  amperes  are  delivered  to  the  service  mains.  Then  we 
have  the  following  relations  : 

(a)  Ten  amperes  flow  through  S,  Fig.  195,  in  the  same  direction  as 
the  induced  electromotive  force  often  volU»,  so  that  one  ampere  (oue-teuth 
as  much  current,  since  there  are  ten  times  as  many  turus  in  P  as  in  S) 

flows  through  1*  in  opitosition  to  the 
Q  induced  or  counter     electromotive 

force  of  100  volts.  Therefore  the  coil 
P  takes  100  watts  from  the  supply 
mains,  which  power  is  transferred 
to  the  coil  S  by  ordinary  transformer 
action  whence  it  is  given  out  (ten 
volts  pushing  ten  amperes)  iuassist- 

ingthe  flow  of  current  to  the  service 

mains.  The  total  power  delivered  to 
CI)  is  evidently  1,100  watts  (10  am- 


-^  e- 


Fig.  196. 


peres  at  110  volts),  and  of  course  the  total  power  taken  from  the  supply 
mains  is  1,100  watts  (11  amperes  at  100  volts). 

{b)  Ten  amperes  flow  through  S,  Fig.  196,  in  a  direction  oppositeto 
the  ten  volts  of  induced  electromotive  force,  so  that  one  ampere  flows 
through  P  in  the  same  direction  as  the  induced  electromotive  force  of  100 
volts.    Therefore,  of  the  1,000  watts  delivered  by  the  supply  mains  in  fore- 
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ing  the  ten  amperes  through  H  and  through  the  service  mains,  100  watts 
are  delivered  to  the  coil  8,  and  900  watts  are  delivered  to  the  service  mains 
(10  amperes  at  90  volts).  The  100  watts  delivered  to  8  are  transferred  by 
transformer  action  to  the  coil  P,  and  delivered  hy  P  hack  to  the  supply 
mains. 

It  is  to  be  particularly  noted  that  only  100  watts  are  involved  in  the 
above  as  genuine  transformer  action,  although  900  or  1,000  watts  are  actu- 
ally delivered  to  the  service  mains. 

96.  Use  of  Transformers  in  Polyphase  Systems.  A  poly- 
phase trausmission  system  is  essentially  the  utilization  of  two  or 
three  entirely  separate  and  distinct  single-phase  transmission  sys- 
tems of  which  the  separate  and  distinct  electromotive  forces  or 
currents  are  maintained  in  definite  phase  relations  with  each  other 
by  mechanical  connections  in  the  generator.  Step-up  or  step-down 
transformation  in  a  polyphase  system  is  accomplished,  in  general. 


P'     S' 


Fig.  197. 

by  a  separate  and  distinct  transformer  of  the  ordinary  ty|)e  for 
each  phase. 

97.  Transformers  on  a  Two-Phase  System.  Fig.  197  shows 
a  two-phase  system  in  which  the  current  of  each  phase  A  and  B  is 
transmitted  over  an  entirely  independent  circuit,  and  the  electro- 
motive force  of  each  phase  is  stepped  down  (or  up)  by  an  ordinary 
transformer  P'S'  and  P"S"  respectively.  Fig.  198  shows  what  is 
called  the  thrct-wlre^  t\ro.phtis,c  i<ijstA:in^  in  which  one  line  wire  is 
used  as  a  common  return  wire  for  both  phases,  and  where  two 
ordinary  transformers  P'S' and  P"S"  are  used  for  stepping  the  volt- 
age down  (or  up).  These  two  iigures  contain  all  that  is  essential 
in  the  step-down  or  step-up  transformation  of  a  two-phase  system. 

98.  Transformers  on  a  Three- Phase  System.  The  usual 
transmission  line  for  a  three-phase  system  consists  of  three  wires, 
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each  wire  being  in  effect  a  common  return  for  currents  that  pass 
out  over  the  other  two.  In  this  case,  the  usual  arrangement  for 
step-down  (or  step-up)  transformation  is  to  connect  the  three  pri- 
maries  of  three  ordinary  transformers  to  the  supply  mains,  using 
either  Y  or  A  connections;  and  to  connect  the  thret^  secondaries  to 
the  service  mains,  using  either  Y  or  A  connections.  Further- 
more, the  primaries  may  lx>  Y -connected  and  the  secondaries 
A-connected,  or  vlre-vema.  The  A  connections  of  both  primaries 
and  secondaries  is  preferred  in  practice,  inasmuch  as  with  this 
arrangement  the  complete  three-phase  step-down  (or  step-up) 
transformation  is  still  effected  even  though  one  transformer  may 


Fig.  199. 

be  entirely  disconnected  because  of  burn-out  or  break-down.  In 
such  a  case,  however,  the  two  remaining  transformers  do  not  have 
two-thirds  of  the  transforming  capacity  of  all  three,  but  only  ~^^'-^ 
of  §  =  0.567  as  much,  or  a  little  over  one-half  the  capacity. 

Fig.  199  shows  three  ordinary  transformers  PS',  P"S",  and 
P'"S'",  with  their  primaries  A-connected  to  three- wire,  three-phase 
supply  mains  1,  2,  and  3;  and  with  their  secondaries  A-connected 
to  three-wire  three-phase  service  mains  a,  6,  and  c. 

Fig.  200  shows  the  arrangement  of  Fig.  199  with  one  of  the 
transformers  P"'S'"  omitted  (any  one  of  the  three  may  be  omitted) 
This  arrangement  (Fig.  200)  is  operative  for  three-phase,  three- 
wire  step-up  or  step-down  transformation,  except  that  its  power 
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capacity  is  only  about  57  per  cent  of  the  |X)wer  ca|»acity  of  tlic 
arrangement  in  wbicli  three  similar  transformers  are  used. 

99.  Polyphase  Transformers  with  Compound  Magnetic 
Circuits.  Let  A  and  B,  Fig.  201,  bo  the  two  separate  transformers 
to  be  used  for  step-up  or  Bttip-down  trail sformat ion  on  a  two-pliasu 


Ftg.   200. 

system.  Each  iron  core  may  have  its  own  return  circuit  for  the 
magnetic  fliis;  or  a  single  magnetic  relnrn  0  may  Iw  used  for  the 
two  as  shown  in  Fig.  2('3,  In  the  latter  case  only  1,-t  ns  much 
iron  need  be  used  for  the  common  return  as  would  have  to  l>e  used 
for  each  single  magnetic  return. 


Fig.  201 

Similarly,  three  transformera  A,  B.  and  C,  Fig,  203,  used  for 
step-up  or  step-down  transformation  on  a  three-phase  system,  may 
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be  combined  magnetically  bo  that   each    transformer  c 
magnetiu  retDrn  for  the  other  two,  as  shown. 


TRANSFORMATION   OF   TWO-PHASE   TO  THREE-PHASE    CUR- 
RENTS, AND  VICE  VERSA. 

loo.  Phase  Transformation,  (iiven  a  two-phase*  snpply 
connected  to  the  similar  primaries  of  two  transfornien:;.  Tlien  nn 
rJeHromotivefoti-e  of  any  desh-eil  viIik-  iiwl  iif  mnj  i/'-n/i-ci/j//i<iiir 
may  be prvducvd ,  as  follows: 


Fig.  304  shows  the  two-phase  supply  mains  connected  to  the 
similar  primaries  P'  and  I*"  uf  two  ge|>arate  transformers.  On 
core  A  is  wound  a  secondary  coil  ".  and  on  core  B  is  wound  a  sec- 


*Or  three-phase  supply.    The  discusBioii  of  phase  traiisformntion  is, 
howeTei,  much  "Impler  with  a  twu-piiase  supply. 
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ondary  coil  J;  these  two  secondary  coils  are  connected  in  series, 
and  the  desired  electromotive  force  E  is  produced  by  the  two  sec- 
ondary coils  in  conjunction.  In  order  that  the  desired  electronio- 
tive  force  E  may  be  produced  by  coils  a  and  h  jointly,  the  follow- 
ing conditions  must  be  fulfilled: 

Let  the  vectors  A  and  B  in  the  clock  diagram.  Fig.  205,  rep^ 
resent  the  two  two-phase  electromotive  forces;  and  let  E  represeu 
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Fig.  204. 
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the  desired  electromotive  force.     Then  coil  a  {Ftfj-  204)  wnst 
ivcmnd  irith  (t  sffjfic/'ent  iiumlur  of  turns  of  mire  to  j)ro(hi('e  f/* 
co7npo)ient  a  of  E;  ond  coil  h  mn^t  hf  mound  with  a  sujflcie/ 
numher  ofturn,^  of  u^ire,  to  pri)ducc  the  coiaponent  h  of  ¥.,     Se^ 
Fig.  205. 
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Fig.  206. 


The  general   two- phase,   three-phase  transformer  consists  o 
two  separate  iron  cores  wound  with  similar  primary  coils  P*  an 
P",  which  are  connected  to  the  respective  phases  of  the  two-phas* 
system,  as  shown  in  Fig.  204:;  and  each-  of  the  two-j)huse  electro 
motive  forces  is  produced  hy  a  pair  <f  secondary  coils^  one  m 
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earh  eo?\.  Each  of  these  jnnrs  of  coils  we  shall  call  a  unit. 
These  three  units,  in  general,  may  Ik*  either  Y-eonnecttnl  or  A- 
connected  to  three-wire  three-phase  service  mains. 

The  general  two-phase,  three-phase  transformer  is  greatly 
simplified  if  we  choose  to  have  one  of  the  three-phnne  dectromnttve 
J^orces  in  phnf<e  with  one  of  the  tiro-jthast-  elertrnnuftive  forces. 
Thus,  if  E,  Fig.  205.  is  in  phase  with  li,  then  ¥.  may  be  produced 
by  a  single  secondary  coil  on  core  B,  instead  of  being  produced  by 
a  pair  of  secondary  coils,  one  on  each  core. 

loi.    The  5cott    Transformer.     The  two- phase,  three-phase 
transfonuer  permits  of  still  furthersimjJitication  if  the  A  connection 
of  the  three-phase  units  is  excluded,  that  is,  if  the  three-phase  units 
are    to  be  adapted  only   for 
Y -connection   to   the   three- 
phase  mains.     This  ultimate 
simplification  is  realized  in 
the  Scott  transformer. 

In  this  transformer  three 
secondary  coils  only  are  used, 
one  on  core  B,  Fig.  204,  giv- 
ing the  electromotive  force  i. 
Fig.  200,  and  two  similar 
coils  a  and  c  on  core  A,  Fig. 
204,  giving  the  electromotive 
forces  a  and  r.  Fig.  206.  The 
points  1,  2,  and  3,  Fig.  206, 
are  at  the  angles  of  an  equi- 
lateral triangle.  One  terminal 
of  each  coil  a,  J,  and  c  is 
brought  to  a  common  con- 
nection represented  by  the  point  0,  Fig.  206;  and  the  other  terminal 
of  each  coil  is  connected  to  one  of  the  three-phase  mains.  The 
points  1,  2,  and  3,  Fig.  206,  represent  the  three-phase  mains. 
Now,  from  an  inspection  of  Fig.  206,  it  is  evident  that  the  electro- 
motive force  a  helps  to  push  current  in  a  receiving  circuit  from 
main  1  to  main  2;  while  electromotive  force  />  opposes  (C  in  this 
respect.  Therefore  the  electromotive  force  from  main  1  to  main 
2  is  a  -  i,  as  shown  in  Fig.  207.     Similarly  the  electromotive  force 
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h  helf«s  :  >  r::fL  -f-rTvi.:  ::.  %  rv^^rL— 'ii^:  irlr^raii  froca  main  2  to  main 
3.  while  eI«cc:T^xii -iiTr  i<!^>T  *  Oj  i^:*f«rt?  --  ia  lib  re^ptct.  ThCT>?fore 
the  e!rearx>s*»>r:Tr  fi-r^re  fr.cn  n.*:-  2  :o  rsaia  3  is  ^  -  <*,  as  shown 
in  FifT-  C»>7.  Last  It  ^t  ^i'rocr».ci'X:T^  fonw  ••  belpis  to  pash  carrent 
in  a  receiWaff  cinra::  ^:»ci  rr.a'r  3  :<>  aiais  1.  while  the  elcctrooiotive 
force  •?  Of^posic^  .* :-  rl:*  ry^j^tr»^^-  Tberefoffe  the  eS^enomodTe  force 
from  main  3  to  main  1  :>  ^  -   %  a*  *L«:»wn  in  Fi^.  2«>7- 

Tliis  disCii5&!^Ki  sh^-'Ts  :La:  :Le  eIr^rtrv>2iociTe  forces  between 
mains  1  to  2,  2  to  3,  ani  3  t«>  1  Li^e  the  common  value  E  Tolts, 
and  are  12*y  a^ar:  in  ;  Li^-r.  f  ^*v-V-^i 

'  =.  E  ^■.>^   3» . 
and  '•  =       =  F  5 "L    ^>* . 

From  the  oI<.vk  «i:airnm.  Fiv:.  2«»7.  i:  is  evident  that  the  com- 
mon junction  of  the  two  coils  *:  a!:id  -•  is  a  point  /''(cwin/#  which  the 
electromotive  forve  in  or.e  v»:I  is 
pushing,  and  ^rV-*-.- ♦  whioh  :he  elec- 
tromotive forve  in  the  o;her  ci^il  is 
pushing  a:  the  same  :::s:a:.:.  Tnerv- 
fore  the  c^»!iiri:on   t;;:^o::o:.  ••:  :Lese 


— '  OOO'OOOOOOOOOO  ^ — 

a  c 

FiiT.  :>•>-  Fig.  aoa 

two  cniis  may  U*  thoiiirht  of  as  the  ,  »'*'ht''  j^*int  o{  one  con  tin « 
uouslv  wound  secon«iarv  coil  on  core  A,  ;is  shown  in  Fiir.  2t.>>. 

A  clear  idea  of  the  S^*oit  inmsformer  mav  now  l»e  obtained  as 
follows:  Two  similar  cores  have  similar  primary  coils,  which  are 
connecte<l  to  the  res{)eciive  phases  of  a  two- phase  system.  One  of 
these  cores  has  a  s<H"ondarv  w  iiidincr  //,  Fiij.  "ZW.  one  end  of  which 
is  connecteii  to  one  of  the  ihree-{»hase  mains  \  main  2,  as  shown  in 
Ficr.  2^X*i.  and  the  other  end  of  which  is  connected  to  the  middle 
point  of  the  secondary  winding  '/  '*,  which  is  wound  on  the  other 
core.  The  terminals  of  the  windinjj  ac  are  connected  to  the 
remaining  two  of  the  three-phase  mains  ^mains  1  and  3,  as  shown 
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in  Fig.  209).     The  entire  secondary  winding  ar  has  — ^  times  as 

many  tarns  of  wire  as  the  coil  h ;  that  is,  1.16  times  as  many  turns. 

The  complete  connections  of  the  Scott  transformer  are  shown 
in  Fig.  210. 

The  three-phase  system  requires  less  line  copper  than  either 
tbe  single-phase  or  the  two-phase  systems  to  transmit  a  given 
amount  of  power  with  a  given  line  voltage  and  with  a  given  loss. 
Hence,  for  the  long-distance  transmission  of  electric  power,  the 
three-phase  system  is  universally  adopted  in  this  countr)\  For 
the  local  distribution  of  electric  power,  on  the  other  hand,  the  two- 
phase  system  offers  certain  advantages.  It  is.  often  the  case,  there- 
fore, that  two- phase  alternators  are  used  to  generate  alternating 
currents  at  a  central  station,  and  that  two- phase  currents  are  used 
for  })ower  and  lighting  purposes  in  the  neighborhood  of  the  station. 
When,  however,  power  is  to  Ije  transmitted  to  jK>ints  fifteen  or 
more  miles  distant,  it  becomes  desirable,  as  explained  al)ove,  to  use 
the  three-phase  system.  It  is  in  such  cases,  especially,  that  phase 
transformation  is  used. 
The  Niagara-Buffalo 
transmission  is  the  best 
as  well  as  the  most  ex- 
tensive example  of  this 
practice.  Power  is  gen- 
erated by  eleven  5,000- 
horse- power,  two- phase 
alternators  at  2,200 
volts.  A  large  part  of 
this  power  is  distributed  to  factories  and  chemical  works  in  the 
vicinity  of  the  central  power  ])lant.  A  large  amount  of  power  is 
transmitted  to  Buffalo,  a  distance  of  eighteen  miles,  by  means  of 
three-phase  alternating  currents  derived  from  the  two-phase  alter- 
nators by  two- phase,  three-phase  transformation.  Scott  trans- 
formers are  used;  and  the  two-phase  currents  at  a  voltage  of  2,200 
are  stepped  up  to  22,000  volts,  and  at  the  same  time  are  trans- 
formed to  three-phase  currents.  At  Buffalo,  the  three-phase,  high- 
voltage  currents  are  stepped  down  to  about  2,200  volts,  and  are 
transformed  back  into   two-phase  currents,  also  by  Scott  three- 
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phasts  two-})ha8e  transformers.  The  2,200-volt  two-phase  ciir- 
reuts  are  then  distributed  by  feeders  and  service  mains  for  light- 
ing and  power  purposes  throughout  the  city. 

I02.  Transformer  Losses.  The  power  output  of  a  trans- 
former is  less  than  its  power  intake  because  of  the  losses  in  the 
transformer.  These  losses  are  :  (</)  Tlie  iron  or  core  losses  due  to 
eddy  currents  and  hysteresis;  and  (h)  the  copper  losses  due  to  the 
resistances  of  the  primary  and  secondary  coils. 

(a)  The  iron  losses  are  practically  the  same  in  amount  at  all 
loads.  Tliey  depend  upon  the  frequency  and  range  of  the  flux 
density  ^^  upon  the  quality  and  volume  of  the  iron,  and  upon  the 
thickness  of  the  laminations. 

The  hysteresis  loss,  in  watts,  is : 

w,  =  ,\y^",  -  (34) 

in  which /is  the  frequency  in  cycles  per  second;  ^is  the  maxi- 
mum flux  density  in  the  iron  core,  in  lines  per  square  centimeter; 
V  is  the  volume  of  the  iron,  in  cubic  centimeters;  and  17  is  a  con- 
stant depending  upon  the  magnetic  quality  of  the  iron.  For  an- 
nealed reflned  sheet  iron  the  value  of  rj  is  about  2  X  10""*". 

TABLE  IV. 
Transformer  Efficiencies,   Losses,  Etc. 
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The  eddy  current  loss,  in  watta,  is  : 


(35) 


in  which  I  is  the  thickness  of  the  laminations,  in  centimeters;  and 
^  is  a  constant  depending  npon  the  specific  electrical  resistance  of 
the  iron.  For  ordinary  iron  the  valne  of  b  is  about  2.5  X  10  —  ". 
InautKcient  insulation  of  laminations  causes  excessive  eddy  cur- 
rent loss. 

Equations  34  and  35  may  be  used  for  calculating  the  hysteresis 
and  eddy-current  losses  in  any  mass  of  laminated  iron  subjected  to 
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[»eriudtc  magnetization,  such  as  altemHtor  armatures,  ami  the  rotor 
and  stator  iron  in  an  induction  Tuotor. 
(J)     The  copper  loss,  in  watts,  is  : 

W.  -  11-1'=  +  R' r-'.  (36) 

This  loss  ie  nearly  zero  when  the  transformer  is  nut  leaded;  it  in- 
creases with  the  square  of  the  current;  and  beconies  excessive  when 
the  transformer  is  greatly  overloaded. 

103.    Transformer  Efficiency.     Tlie  ratio  poirrr  mUj'Kt  h- 
power  intake  is  called  the  effifivncij  of  a  transformer. 
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Table  IV.  on  ])age  '2'iHi,  shows  tbe  efticienciea,  losses,  etc.,  of 
a  series  of  Iransfoniieni  designed  and  manufactured  by  a  large 
American  coiii[)ai>y.  These  traneforniora  are  designed  for  a  fre- 
quency of  00  cycles  per  second,  and  a  primary  volti^  of  1,040  or 
2,080  volts,  according  to  whether  the  two  halves  of  the  primary 
coil  are  connected  in  jmrallel  or  in  series. 

Fig.  211  shows  grapliically  tlie  relation  between  the  efficiency 
and  tlie  jier  cent  of  normal  output  for  a  ISO-K.W.  Westinghoase 
transformer  designed  for  15,000  volts  secondary,  000  volts  primary 
(step-npl,  and  a  frequency  of  00  cycles  per  second  (7,200  alterna- 
tions per  minute). 
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Fifj;.  212  sliowH  gr«]jliiwilly  the  various  losses  and  the  effi- 
cieney  "f  a  ^Vestingbouse  air-ljlast  transformer  rated  at  550  kilo- 
watts used  to  stej)  up  from  500  volts  to  10,500  volts  at  a  fre- 
quency of  25  cycles  |)er  seeond  (■i.(HI0  alternations  per  minute). 

In  Fig.  212,  the  curve  rejiresenting  the  iron  loss  is  plotted  as 
a  horizontal  straight  line  Ijeeause  the  iron  loss  for  a  given  trans- 
former iw  eonslant  for  all  liiadw.  The  curve  representing  tbe  cop- 
per loss  is  ii  jiarahola.     The  etticieiicy.of  a  given  transformer  is  a 
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tnaxiinnm  at  that  load  for  whicli  the  iron  loss  is  ecjual  to  the  cop- 
per loss.  This  load  is  evidently  the  abscissa  of  the  point  at  which 
the  iron -loss  line  intersects  the  copper- loss  curve.  As  seen  in  Fig. 
212,  the  maximum  efficiency  occurs  at  about  101  j)er  cent  of  full 
load,  and  at  any  other  load  (for  the  given  transformer)  the  efficiency 
will  be  less  than  at  101  per  cent  of  full  load. 

Calculation  of  Efficiency.  The  transformer  output  (non- 
inductive  receiving  circuit)  is  E"!".  The  internal  loss  is  Wj,  -f- 
W,  -f  W,,  so  that  the  intake  is  E'T'  +  W^  +  W„  +  W,,  and  the 
efficiency  is: 

Efficiency  =  j^p_^  ^y    ^  ^^.-^    ^^.  •  (37) 

All-day  Efficiency.     T'sually  a  transformer   is  connected   to 

the  mains  continuously,  and  current   is  taken  from  the  secondary 

for  a  few  hours  only,  each   da  v.     In  this   case  the    iron   loss   is 

incessant  and  the  copper  loss  is   intermittent.     The    total   work 

given  to  the  transformer  during  the  day  niay  greatly  exceed  the 

total  work  given  out  by  it,  especially  if  the  incessant   iron  losses 

are  not  reduced   to  as  low  a  value  as  possible.     The  ratio  tfff^fl 

wark  (jiveti  out  hy  the  trdnsffpnurr  -:-  totifl  trork  rartlvril  hij  the 

trauHformer  duvin^j  the  fhnj  is  called  the  *'  all-day  efficiency  of  the 

_  ^        -  1     .    .     ,  .     total  watt-hours  output 

transformer.     In  other  words,  it  is  the  ratio  ;, t ^ — 

total  watt -hours   input 

during  the  day.     The  all-day  efficiency  is  given  by  the  formula. 

all-day  efficiency =j,..^„  ^  ^  ^  ^  ^^ J^^^^^  -  _  __       (38) 

in  which  t  is  the  number  of  hours  during  the  day  of  24  hours  that 
the  transformer  is  loaded,  and  I"  is  the  average  current  delivered 
by  the  secondary  while  the  transformer  is  loaded.  The  other 
symlx)ls  have  the  same  significance  as  in  article  102. 

Since  the  iron  loss  of  a  given  transformer  is  incessant  as  long 
as  the  transformer  is  connected  to  the  primary  supply  mains,  it 
follows  that  to  obtain  a  high  all-day  efficiency,  it  is  necessary  to 
use  a  transformer  whose  iron  loss  is  as  small  as  possible.  In  gen- 
eral, if  a  transformer  is  to  be  operated  at  light  loads  the  greater 
part  of  the  day,  it  is  much  more  economical  to  use  a  transformer 
designed  for  a  small  iron  loss  than  for  a  small  full-load  cop|)er  loss. 
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Transformers  are  usually  designed  so  that  at  full  load  the  copper 
loss  is  approximately  equal  to  the  iron  loss. 

104.  Transformer  Regulation.  The  secondary  terminal  volt- 
age of  a  transformer  falls  off  in  value  with  increasing  load,  and 
rises  with  decreasing  load.  The  rise  of  secondary  terminal  voltage 
from  full  load  to  zero  load  (at  constant  primary  applied  voltage), 
expressed  in  per  cent  of  the  full  load  secondary  voltage,  is  called 
the  regulation  of  a  transformer. 

Example,  A  certain  5-K.W.  transformer  gave  a  secondary 
terminal  voltage  of  200  volts  at  full  load;  when  the  load  was  re- 
duced to  zero,  the  voltage  rose  to  205  volts.  In  accordance  with 
the  above  definition,  the  regulation  of  this  transformer  is : 

(205-200)        ^^^^       ^^ 

^^TTTj X  100  =  2.5  per  cent. 

The  regulation  of  a  transformer  is  smaller  when  used  for  sup- 
plying a  non-inductive  load  (such  as  incandescent  lamps),  than 
when  supplying  an  inductive  load  (such  as  induction  motors). 
The  regulation  of  a  series  of  transformers  is  given  in  Table  IV, 
page  280. 

105.  Practical  and  Ultimate  Limits  of  Output  of  a  Trans- 
former. AVlien  the  secondary  current  of  a  transformer  is  in- 
creased,  the  secondary  electromotive  force  dro})S  off,  and  the  power 
output  increases  with  the  current,  reaching  a  maximum  as  in 
the  case  of  the  alternator.  This  maximum  power  output  is  the 
ultimate  limit  of  output  of  the  transformer.  Practically,  the  out- 
put of  a  transformer  is  limited  to  a  much  smaller  value  than  this 
maximum  output,  (/^)  because  of  the  necessity  of  cool  running;  Oi) 
because  in  most  cases  it  is  necessary  that  the  secondary  electromo- 
tive force  be  nearly  constant;  and  (<)  because  the  efficiency  of  a 
transformer  is  low  at  excessive  outputs. 

Small  transformers  have  relatively  large  radiating  surfaces; 
and  in  such  transformers  the  requirements  of  a  small  regulation, 
as  a  rule,  determine  the  allowable  output. 

Large  transformers,  on  the  other  hand,  have  relatively  small 
radiating  surfaces,  and  their  allowable  output  is  limited  by  the 
permissible  rise  in  temperature.  Very  large  transformers  are 
usually  j)rovided  with  air  passages  through  which  air  is  made  to 
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circulate  by  a  fan.  Sometimes  transformers  are  submerged  in  oil, 
which,  by  convection,  carries  heat  from  the  transformer  to  its  en- 
closing case,  where  it  is  radiated. 

106.  Rating  of  Transformers.  A  transformer  is  rated  accord- 
ing  to  the  power  it  can  deliver  continuously  to  a  non-inductive 
receiving  circuit  without  undue  heating;  and  the  ratio  of  transfor- 
mation, together  with  a  specification  of  the  frequency  and  effective 
value  of  the  primary  electromotive  force  to  which  the  transformer 
is  adapted,  are  also  given  by  the  manufacturer. 

In  order  to  secure  uniformity  in  the  rating  of  transformers  by 
manufacturers,  the  American  Institute  of  Electrical  Engineers  rec- 
ommends the  following  rules  concerning  the  allowable  rise  of  tem- 
|>erature: 

lu  transformers  for  continuous  service,  a  rise  of  temperature  of  cop- 
per not  exceeding  60^  C  (as  measured  by  cliange  of  electrical  resistance  of 
primary  and  secondary  coils),  and  a  rise  of  temperature  of  otlier  parts  not 
exceeding  40°  C,  (as  measured  by  a  thermometer  laid  against  the  part,  the 
core  for  example),  under  normal  conditions  as  to  ventilation. 

In  the  case  of  transfonners  intended  for  intermittent  service,  or  not 
operating  continuously  at  full  load,  but  continuously  in  circuit,  as  in  the 
ordinary  case  of  lighting  transfonners,  the  temperature  elevation  above 
the  surrounding  air  temperature  should  not  exceed  50^  C  as  measured  by 
resistance  in  electric  circuits,  and  40^  C  as  measured  by  the  thermometer 
In  other  parts,  after  the  period  corresponding  to  the  term  of  full  load.  In 
this  instance,  the  test  load  should  not  be  applied  until  the  transformer 
has  been  in  circuit  for  a  sufTlcient  time  to  attain  the  temperature  elevation 
dBt  to  core  loss.  With  transformers  for  commercial  lighting,  the  duration 
of  the  full-load  test  may  be  taken  as  three  hours,  unless  otherwise  specified. 

The  over-load  rating  of  a  transformer  is  recommended  to  be 
25  per  cent  for  two  hours;  and  it  is  based  upon  an  allowable  in- 
crease of  temperature  of  15''  C  above  that  specified  for  full  load,  as 
given  above.  This  extra  rise  of  temperature  is  to  be  measured 
after  the  transformer  has  been  operating  for  two  hours  on  2o  per 
cent  over-load,  the  transformer  having  previously  acquired  the 
temperature  corresponding  to  full-load  continuous  operation. 

When,  however,  transformers  are  to  be  used  with  other  appa- 
ratus for  which  an  over-load  capacity  in  excess  of  25  per  cent  is 
guaranteed,  the  same  guarantee  should  apply  to  the  transformers. 

Abnormal  Conditions  of  Operation.  Transformers  are  fre- 
quently used  under  conditions  departing  more  or  less  widely  from 
the  conditions  specified  by  the  manufacturer  in  regard  to  values  of 
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primary  and  secondary  voltages,  frequency,  and  current  output. 
Thus,  if  a  transformer  is  used  with  a  primary  applied  voltage  in 
excess  of  the  rated  valutJ  (frequency  being  unchanged),  the  core 
flux  will  be  increased  according  to  e(juation  33,  and  the  core  losses 
will  be  increased  according  to  equations  34  and  35. 

If,  on  the  other  hand,  a  transformer  is  used  with  a  frequency 
less  than  the  rated  frequency  (the  voltage  applied  to  the  primary 
being  uncTianged),  the  core  flux  will  be  increastnl  according  to  ecjua- 
tion  33,  and  tlie  hysteresis  loss  in  the  core  will  be  increased  accord- 
ing to  equation  34;  whereas  the  eddy  current  loss  is  unchanged. 

It  is  evident  from  theal)ove  statements  that  the  core  loss  in  a 
given  transformer  may  Ix^  kept  at  a  constant  value  by  making  a 
simultaneous  increase  of  both  applied  primary  voltage  and  fre- 
quency. 

The  increase  of  core  loss  due  to  increase  of  primary  applied 
voltage,  or  to  decrease  of  frequency,  or  to  both,  may  be  compen- 
sated for  by  reducing  the  allowable  current  output,  and  thereby 
reducing  the  copper  loss,  in  order  that  the  total  heating  of  the 
transformer  may  not  exceed  the  normal  amount. 

E,vninph'i<,  A  given  transformer  is  rated  at  5  kilowatts,  and 
is  designed  to  take  current  from  1,100- volt  mains  at  a  frequency  of 
60  cycles  ])er  second.  Under  tliese  conditions  hysteresis  loss  Wjj, 
eddy  current  loss  W^,  and  copper  loss  A\\.,  will  be  called  normal. 

(a)  The  transformer  is  loaded  so  that  the  output  is  0  kilo- 
watts at  the  rated  electromotive  force  and  fre(}uency.  Find  W^  in 
terms  of  normal. 

(/>)  The  transformer  is  ust^d  at  rated  eU^ctromotive  force,  but 
at  a  frequency  of  75  cycles  }>er  second.  Find  A\\  and  W^  each  in 
terms  of  normal. 

(r)  The  transformer  is  used  at  rated  frequency,  but  with  pri- 
mary electromotive  force  of  1,500  volts.  Find  W^  ^"^^  ^^  e  ^^^^  i» 
terms  of  normal. 

(V/)  The  transformer  is  used  on  primary  eU*ctromotive  force 
of  1,500  volts.      Find/' for  which  AV|,  is  normal. 

(r)  With  primary  eU^'tromotive  force  of  1,500  volts,  what 
load  would  give  normal  W,.^ 

Solution. — (r/)  Increasing  the  output  in  the  ratio  5  to  fi, 
increases  both  primary  current  and  secondary  current  in  the  same 


848 


ALTERNATING  CURRENT  MACHINERY  2B1 

ratio,  and  therefore  increases  RT*  and  R'T'^  in  the  ratio  of  5"  to  (r. 

Therefore  the  total  copper  loss  l>econie  i^^-  =  1.44  times  tlie  nor- 

mal  copper  loss. 

(h)     Increasing  the  freijuency  in  the  ratio  00  to  75  decreases 

the  flux-density  ^  in  the  same  ratio,  namely,  75  to  00.     Hence 

/00\''' 
the  hysteresis  loss  is  decreased  in  the  ratio  75'  *  to  00'  \  or(  ^--  1    ,  or 

0.7.     Therefore  the  hysteresis  loss  at  the  increased   frequency  i.-; 
0.7  times  the  normal  hysteresis  loss. 

From  equation  35,   the  eddy  current   loss  is  proportioned  to 
f^96^>     In  the  case  under  consideration,  f  is  increased  and  ^  is 

decreased  in  the  same  ratio,  so  that  the  product  Z*-^- remains  un- 
changed. Hence  the  eddy-current  loss  in  a  given  transformer  is 
independent  of  the  frequency  with  given  primary  applied  voltage, 
(r)  Increasing  the  primary  voltage  in  the  ratio  11  to  15  in- 
creases the  flux-density  9S  in  the  same  ratio.    Therefore  the  hyster- 

'   )     ~  1.04;  and  the  eddy  cur- 

—  j  =  1.80.  That  is,  the  hys- 
teresis loss  becomes  1.64  times  its  normal  value;  and  the  eddy 
current  loss  becomes  1.86  times  its  normal  value. 

[d)     The  hysteresis  loss  is   proportional  toy  ^'%  and^  is 

E' 
proportional  to  -tt;  therefore,  the  hysteresis  loss  is  {)roportional  to  / 

V 

(E'\'*  I?"*  T7'i  <* 

7/     ^"^  ^^  "Tmh;-     "^"^^^  ^^^^^  y^  "^"st    have  the  same  value 

under  the  normal  conditions  as  under  the  new  conditions,  if  the 
hysteresis  loss  is  to  l>e  the  same.     That  is: 

(1,100)'^  _  (1^00)' •^ 

or(l,100)'«  X  ««*  =  (00)"«  X  (1,500)' *■•; 
or  taking  logarithms  of  both  sides,  we  have: 

1.0  X  log  1,100  +  0.0  X  log  X  =  0.0  X   log  00  +  1.0  X 
log  1,500;  or,  0.6  X  log  a?  =  0.0  X  log  00  +  l.(Jxlog  1,500  -  1.0 
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Fii?.  ^3. 


Fig.  iU. 


Fi>,^  I'lo. 


|)rirnHry  ii[)|)li«*<J    voltaf^n  in   increastMl   in   tlu^  ratio  11    to  15,  the 
output   in(tn^aH(*H   in    the  nanio  ratio,  the  curreut  and   W^  beiug 
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iioriiiiil.     Thorcforo  tlio  oiitimt  m    ''    ■    5  K.W.,  or  li.S'i  kilowatts, 
to  give  normal  W„  witli  a  primary  ajijilietl  voltagt'  of   l,."i(K)  volts. 

COMMERCIAL  TYPES  OF  TRANSFORMERS. 
107.    Core-TVpe  Translormers.     TninsfoniuTi'  may  Ix'  classi. 
fied,  according  to  tile  r««]ativH  ilis|iusitioii  of  tlic  iron  uriil  copjwr, 
iutu: 

(a)  Core-type  iranHronuerw. 

(b)  Hhell-ty(ie  tranxfonnerH. 


Fig.  213  shows  a  coiiipli'to  L'ore-tyjH-  t ran.-' former  willioiil  its 
case;  Fig.  214  shows  the  i-om|ilote  coro  Imilt  iipciT  thin  sJK'ct-irotj 
strips,  or  stampings.  Tlit-  two  upriglit  [lorlions  of  tlic  oin'  n)H)n 
which  the  wire  coils  an'  jiiiiail.  hh  kIkiwh  in  Kiijs.  'il'),  ^|ii,  ;ui<l 
211,  are  calltxl  tht-  /!>,>/>«  of  tlie  conv  'Yhv  sliorl  liori/ontiil  parts 
of  the  core  that  do  not  liiivo  win(lin>rs  of  wire  upon  them  arc  called 
i/fike«.  These  yokes  si'rve  to  complete  tJie  imii^nelic  circuit,  and 
they  are  jnst  long  enough  to  give  room  for  tin'  coils  ua  hIiowii  in 
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Primaries  in  Series  Primaries  in  Rarallel 


Secondaries 
nSeriesorThree' 


v\K.  ;!in. 


of  the  SL-coiidary  luiiy  I'f 
connected  in  parallel  or  in 
series  according  to  the  de- 
aired  valtl«  of  the  secoiid- 
sryvoltage.aa  explained  !ii 
Article  fl. 

Fifj.  21'J  is  n  top  view 
of  tlie  transformer  wilh  the 
cover  of  its  case  rernoveil 
showing  the  terminals  of 
the  secotidary  coils,  and  the 
porcelain  con  nectiou- board 
to  which  the  terminals  of 
the  primary  coil  are  coii- 
uected.  The  change  fivjui 
series  lo  parallel eiiniiection 
of  the  halves  of  ihe  pri- 
mary coils,  is  effected  liv 
means  of  tlie  copper  coii- 
Dttcting  sti'apa  S  S. 

The  style  of  core-type       i*'it;  -'^    ni'-iv  w.  iw^Typo  Tnnisfuniior 
transformer  illustrated  in 

Figs.  213  to  21SJ  is  Hdopted  by  several  iiiannfactiirers  for  trans- 
formers  of   sniiil!  ontjmt.      This  style  of   core-type    transformer 
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adopted  by  the  Geneni]  Electric  Company  for  larger  outputs  iip;i 
to  125  kilowatts,  is  illustrated  in  Fi^.  220  to  224,  wbicli  shows  a 
100-kilowatt  transformtr  designed   for  (JO  cycles,  for  a  primary 
voltage  of  30,0(K)  volts,  and  for  a  second' 
Hryvoltageof  2.000  volts.     These  larger- 
sized  transformers  are  submerged  in  tanks 
I  I  iif  oil,  one  of  which  is  shown  in  Fig.  224, 

I  I  Hdd  which  aio  made  of  cast  iron,    with 

t^7>     ^*— ^t  deep  corrugations  to  facilitate  cooling  of 

"V  ■■     ^"^  the  tank  by  radiation.     Fig.  222  shows 

I  I  tile  arrangement  of  the  coils  on  the  corn; 

?_..  ,  r  ^.f  I  it  also  shows  the  passages  between  the 
core  and  the  inside  coil,  and  between  tha 
two  coils,  for  the  circnlation  of  the  oil. 

<.)il  is  a  lietter  heat-condncting  inedi- 
nni  than  air;  it  carries  heat  from  a  trans- 


I 


former  to  the  containing  ease  mnch  better  tLiin  air.  sn  lliiit  a  ti'ans- 
formcr  in  oil  will  show  a  much  lower  tern  jr' rat  tire.  The  use  of, 
oil,  moreover,  preserves  the  insulation,  keeping  it  soft  and  pliabla 
and  prevents  oxidation  liy  air;  conseqnuntly,  its  use  is  advanta- 
geouM  in  prodncinfipropiT  conditions  tu  maintain  nniform  core  lost 
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and  a  superior  insulation.     Furthermore,  oil  is  itself  a  very  good 
insulator  having  the  valuable  property  common  to  all  liquid  insu- 


•r  Cure-Type  Transf< 


nhow  the 


tmHalabed  imd  Finished  Edtce-VTound 

Fig.   221. 
lators,  that  it  is  nut  jjermanently  duaiaged  l>y  a  iiuiiuture  ^froni 
lightning,  for  example). 

loSa.  Shell-Type  Transformers,  i  igp  225  to 
general  view  and  structural  de- 
tails of  ao.K.W.  shell-type  trans- 
former; and  Figs.  239  to  231 
show  the  details  of  a  2-K.AV. 
shell-type  transformer.  The 
shape  of  the  core  slartipings  i9 
cliiarly  shown  in  Fig.  2'^'i.  The 
stanipiog?  of  the  5-K.W.  trana- 
fonner  ate  shown  in  Fig.  '225 
clamped  together  by  niemis  of 
end-pIat«R  and  bolts,  one  end-plate 
having  legs  that  support  the 
entire  structure.  The  stampings 
of  the  2-K.W.  transformer  are 
clamped  together  by  meana  of 
wedges  driven  tmder  the  ends  of 
the  coils;  the  ends  of  the  wedges 
appear  in  Fig.  231.  Two  si-ctions  of  the  primary  L-uil,  and  one 
section  of   the  secondary  coil,  of   the    5-K.\V.  transformer,   are 
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bIiowii  "tiestt:^  togetlier"'  in  Fig,  22S;  the  ol>je<:t  of  the  nesting 
is  to  rediicf  magiielic  leakage. 

In  largesizi'd  slu'll-type  transformers,  tbe  priiiiarv  and  eec- 
ondarv  coila  are  divided  up  into  many  sections,  which  are  nested 


t<^tber  with  primary  and  Bwoiidary  sections  alternating.  The 
coils  are  woiuid  on  formers,  tliuronghly  tn|)ed  and  impr^nated 
with  insulating  compound;  and  the  coiv  U  tlieii  built  up  piece  by 
piece  around  the  assembled  coils.  In  building  up  the  core  out  of 
the  stampings,  care  is  taken  to  break  joints  in  snccesBiTe  Isyen. 
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TransCormei-.  Wlthoi 


FigB.  232  to  2311  siiow  coustructive  details  peculiar  to  very 

Urge  shell-type  tranefoniiers. 

Fig.  262  repreeeiita  a  complete  800-K.W.  Stanley  (S  .K.  C.) 

transformer  with  the  sides  of  the  containing  case  removed  to  show 

the  method  of  supporting 

the  transformer  on  the  tx»t- 

toiii  of  the  case,  and  to  show 

also  tlie  coils  of  brass  pipe 

through  which  water  ia  eir- 

culated  in  order  that  the  oil 

filling  the  ease  and  surronnd. 

ing  the  transformer  may  l)e 

kept  cool   while   the    trans- 

former  is  in  o]>eration.     The 

sides  of  the  eontaining  ease 

are  made  of   Hiit   plates   of 

boiler  iron  which  are  riveted 

to  the  cast-iron  base  and  tlie 

top  plates  and   then  tliur- 

ouglily  calked.     The  four  eye-bolts  shown  pass  through  cover  and 

base  plates,  and  serve  for  attaching  lifting  ehains  to  prevent  strain- 
ing of   the  containing 
qV  '    '  \        case   in   moving,    and 

thus  to  prevent  leaks. 
The  transformer  core 
and  coils  can  be  re- 
niovei]  from  the  tank 
without  disturbing  the 
coolingeoil  and  its  con- 
nections. The  amount 
of  cooling  water  at  15" 
C  (5!)"  F)  re(]nired  for 
the  800-K.W.  trans. 
former,  is  about  one 
gallon  pel  minute,  and 

the  temperature  of  the  water  at  the  outlet  ia  about  55"  C(  131"  F). 
All  the  interconnections  between  the  eoila  are  made  at  the  top 

of  the  transformer  inside  of  the  core,  in  order  to  be  readily  accea- 
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eible.     Th«  main  primary  Hiid  secondary  loads  are  bronght  up  to 
the  terminal  boards  which  are  rigidly  supported  above  the  coils; 
the  primary  board   being  on  one  Bide  and  the  secondary  on   the 
other.     From  these  boards  the  leads  are  brought  out  through  por- 
celain  insulators  in  the  cover. 

Fig.  233  shows  the  complete 
800.  K.W.  S.  K.  C.  transformer 
in  its  oil  tank. 

Fig.  23+  shows  a  large  Gen- 
eral Electric  air-blast,  shell-typ 


transformer  at  tliut  Bta<fe  of  construction  where  the  core  stampings 
are  being  built  up  around  the  coils,  the  coils  being  protected  by 
thick  stn2)8  of  insulating  material.  In  this  air-blast  transformer, 
air  passages  or  ducts  are  pixjvided  between  the  layers  of  the  coils, 
and  at  intervals,  between  the  core  stampings,  as  shown  in  the 
tignre.  The  air  for  cooling  the  transformer  is  admitted  at  the 
base,  and  passes  vertically  through  the  ducts  in  the  coils.  Air  is 
also  admitted  to  the  air  dncts  in  the  core  tlirongh  a  damper  on  one 
aide  of  the  traitaforTiier,  and  escapes  through  the  perforations  in 
the  casing  ou  the  opjwsite  side. 
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Figs.  235  to  23S  bIioh-  tlie  method  of  winding  tbe  tbiu  sw- 
tioos  of  the  coils  for  large  shell-tvpe  transformers;  and  Fig.  230 
is  an  end  view  of  a  large  ehell-type  transformer,  sbowing  the  ends 
of  the  thin  coils  liared  to  allow  easy  access  of  oil.  and  showing  the 
thin  sheets  of  insniating  material  between  the  foils. 

Each  thin  section  of  coil  is  made  of  two  single  sections  like 
that  shown  in  Fig.  237.  These  two  single  eectioos  are  laid  to- 
gether with  a  sheet  of  insulation  between  them;  and  the  inside 
termijials  of  the  two  single  sections 
are  solden-d  together,  so  that  the 
two  outside  terminals  of  the  two 
single  Et^'tious  constitnto  the  two 
terminals  of  the  double  section,  as 


d  Colls.   End  view. 


Fig.  3JI.    Perspective  View  ot 

Oi.iv  and  Colls  or  2-K.W. 

Shell  Type  Transformer, 


shown  in  Fig.  238.  This  double  section  is  thoroughly  wound  with 
tape,  and  is  impregnated  in  a  vaciiiitn  with  melted  insulating  uiate- 
rial.  The  effect  of  the  vat-imm  is  to  extrat-tall  the  air  from  the  coil 
so  as  to  allow  the  melted  material  to  impregnate  the  coil  completely. 
108b.  Cooling  of  Transformers.  Transformers  of  moderule 
size  have  large  radiating  surface  compared  with  their  losses.  Such 
transformers,  therefore,  can  radiate  the  heat  due  to  core  losses  and 
copper  losses  without  excessive  rise  of  temperature. 


riae  to  n  imivli  liij^lier  temperature  than  the  suialler  traiisfuriner  i 
order    to  rmiiiite   the   heat  due   to  its  losees.      Large  trausfoniie] 
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must,  therefore,  be  provided  with  special  mttans  for  cooling.  It  ia 
niiiuh  cheaper  to  provide  special  cooling  devices  thao  to  atlympt  to 
make  the  tranefornier  large  enough  to  keep  cool  by  natural 
radiation. 


\'ariuii9  niethodii  of  ciioling  are  adopted  in  practice,  according 
to  which  a  clasaitication  of  tratiBformers  may  be  inadti  as  follows: 

1.  Kelf-couliugdry  transroTmerH. 

2.  Keir-cuuling  oil-filled  trail sronuers, 

'A.    TrauaforraerB  cooled  by  forced  current  of  iiir. 

4.    Trauafotmers  wnled  by  forced  current  iif  water. 

.">.    Trant«rormerH  cooled  by  com  bin  a  lion  ofaliose  uieaiiH. 

Self-Cooling  Dry  Transformers.     These  traneforrners  are  hbu- 
bIIv  of  small  output,  und  no  sjieciiil   iiieJins  of  cooHng  is  pruviJi-d, 


ALTERXiTISG  CTRKENT  MACHTXERV 


"""  '"'^las 


Tmalormec  u  P 


Fig.  96.    CnlU  for 
Sbell-Tjp*  of  Ttuu- 
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the  natural  radiation  being  depended  upon  for  cooling.  Boniu 
larger oiiL-H  np  to  50  K.W,,  art*  also  made  in  tliis  way;  Iiut  they  are 
heavier  and  more  expensive  tiian  if  Bjieciaily  coolwl. 

Self-Cooling.  Oil-filled  Transformers.  Trans  form  era  of  this 
type  are  very  generally  eiuployi.J.  the  entire  cure  and  coils  Iieing 
iitimersed  in  oil.  Tranflformers  are  practically  always  enclosed  in 
a  cast-iron  or  sheet-iron  case,  and  tLis  is  simply  tilled  will  oil. 
No  increase  in  cooling  surface  is  thereby  secured,  lint  the  niilural 
circulation  of  the  oil  tends  lo 
e'jnalize  Ihe  temperature  of  the 
various  parts,  and  carries  the 
heat  to  the  case,  from  which  it  is 
radiated.  In  most  self-cooling 
types,  the  case  is  made  with  ex- 
ternal ribs  or  corrugations  to 
increase  its  radiating  surface. 
The  large  volume  of  oil  also  ab- 
sorbs considerable  heat,  so  that 
the  temperature  rises  more 
slowly.  Ili-nce,  for  moiierate 
periods  of  ope,ration,  up  to  S  or 
4  hours — which  is  ordinarily 
sufficient  in  electric  lighting  - 
the  maximum  temperature  would 
not  be  reached.  Another  ad- 
vantage gained  hy  this  arrange- 
ment is  an  improrement  in  in- 
sulation. This  is  due  to  the  high 
insulating  qualities  of  the  oil 
itself,  and  to  the  fact  that  a  dis-  fj^;.  :ii;i. 

ruptive  discharge  lakes  plaei> 

through  it  nmch  less  readily  Ihaii  through  the  iiir  that  it  dis|ilnceB, 
distances  being  the  same.  This  arrangement  puasesses,  moreover, 
tJie  jwwerof  self-re[)airirig  any  break  in  the  insulation.  If  oitii- 
nary  materials,  such  as  cloth  or  mica,  become  punctured,  they  lose 
their  insulating  proprties,  and  the apjiaratus  cannot  Ixniswi  until 
the  fault  is  repaired,  which  ordinarily  involves  considerable  time 
and  exjiense.     On  the  other  hand,  if  oil  is  jninelnrcd.  it  tends  to 
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close  ill  and  repair  tlm  break,  uiileas  the discbiir^ lasts  so  long  that 
a  oliarriiig  occurs,  which  may  niake  a  permanent  conducting  path. 
TliB  chief  objection  to  the  use  of  oil  is  the  danger  of  tire.  If 
a  short-circuit  occurs  inside  the  tranaforiner,  the  oil  may  be  thrown 
out  and  ignited  at  the  same  time;  or  a  fire  started  in  any  other  way 
might  be  made  far  more  disastrous  than  it  would  otherwise  Iw 
owing  to  the  presence  of  a  laige  quantity  of  oil.  In  this  way, 
several  power  plants  have  been  destrDyed  by  fire  with  large  loss  of 
property.  There  is  no  special  precaution  that  will  entirely  elitni- 
nate  this  risk;  but  care  in  locating  such  transformers,  in  avoiding 
overheating,  aud  in  protecting  the  machines  by  effective  ligbtning 
arresters,  will  reduce  the  hazard. 


Fib-  -'40. 

Air-Blast  Transformers,  These  transformers  are  now  com- 
monly eiiiplovcil.  nrul  have  advantages  over  those  of  the  oil-cooled 
tyjie.  in  that  tlie  danger  of  lire  is  avoided,  and  the  cooling  elfect 
can  be  regulated  in  aceordaiice  with  working  conditions.  They  are 
so  conatnicted  that  air  c-an  circulate  through  and  around  the  core 
and  coils,  the  ventilation  lieitig  forceii  by  a  blower  driven  by  a 
motor,  A  transformer  of  lOD-K.W.  capacity  riMpiires  about  330 
cubic  feet  of  air  per  minute  at  a  pressure  of  0.4  ounce  ja-r  square 
inch,  the  jH>wer  consumed  being  leas  than  one-tenth  of  one  per 
cent  of  the  fnll-lojid  output  of  the  tratiefonner.  The  flow  of  air  is 
controlled  by  dampers;  and  the  pro|)er  amount  of  air  can  l>e  deter- 
mined from  its  tem)>emtui'e  as  it  issues  frtnn  the  top;  ordinarily 
this  temperature  should  not  lie  more  than  ~0  i.)  Above  the  tempera- 
ture of  the  room. 

Fig.  241)  shows  a  bank  of  six  large  air-blast  transformers  sup- 
ported on  I  lieams  over  an  air  chamber  supplied  with  air  from  a 
fan  blower.     The  air  passes  in  at  the  bottom  of  each  trauafornier 
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case,  penetrates  through  ducts  in  the  core  hiu)  cuiln,  and  |iaH»'s  out 
at  the  top  of  the  case,  as  shown  hi  Fig.  241. 

Water-Cooled  Transformers.  Transformers  in  whicli  water 
is  nsed  for  cooling,  are  also  oil-filled  in  tuost  oast-s.  A  contiuuuus 
flow  of  cool  water  is  maintained,  either  through  pipes  iinitierstHl  in 
the  oil,  through  a  water  jacket  formed  in  the  casing,  or  through 
the  hollow  or  tuhular  conductors  (primary  or  Bet-ondai-j')  thein- 
Bttlves  if  they  are  sufficiently  large.  This  is  the  most  effective 
method  of  cooling.  It  is 
very  convenient  for  water- 
power  plants,  the  supply  of 
water  being  at  hand;  but 
where  a  natural  flow  is  not 
available,  }>umpa  or  the  city 
water  mains  may  be  utilized. 
It  is  found  that  about  outi< 
halfgallon  of  water  per  min- 
ute is  sufHcient  for  a  150- 
K,W.  transformer.  Tliis 
type  requires  the  leastweiglit 
of  iron  and  copper  for  a 
given  output,  since  its  heat  , 
is  carried  away  most  rapidly. 

Instead  of  liavingatlow  i.|jj. 

of  water,  the  oil  itself  may 
be  drawn  off,  cooled,  and   then   returned   hy  i 
driven  by  a  motor. 

Note.  In  anyortheeetjpesoftrauHrurmers  depending  I'liuu  force<l 
Circulation  of  air,  water,  or  oil,  i(  is  rittilly  im/iortimt  to  iiroiU  auy  sUnijuujr 
oftkefioK,  as  this  Is  likely  to  cause  a  buni-out  of  tbe  tran»f<irnier  coHm. 

108c.  Series  or  Current  Transformers.  It  was  pointwl  out 
in  article  94,  that  a  transformer  intcndt-d  fur  giving  an  accurately 
fixed  ratio  between  primary  and  secondary  currents,  must  lie  so 
designed  as  to  have  a  very  small  magnetizing  current.  Fig. 
242  shows  a  general  view  of  a  small  current  transfoniuT  desigiu'ii 
for  use  in  connection  with  a  switchboard  ammeter,  and  made  l>y 
the  Wagner  Electric  Manufacturing  C'ompany,  of  St.  l^uii;.  Mo. 
The  core  of  this  transforraer  consists  of  a  number  of  ring-shaped 
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stanipincfs  tissoiiibled  on  a  double- barrt^led  porcelain  tul>e.     In  pyn- 
eral  Hp|)earance  it  rescMnbles  the  core  of  a  drum  arinaturi\ 

Tlie  main  that  carries  the  large  alternating  current  to  lie 
measured,  passes  through  one  hole  in  the  porcelain  tube,  and  con- 
stitutes the  primary  coil  of  the  transformer.  The  secondary  wind- 
ing consists,  say,  of  ten  loops  of  relatively  small  wire  threaded 
through  the  other  hole  in  the  tube.  The  terminals  of  the  second- 
arv  coil  are  connected  to  the  switchboard  ammeter.  The  secondan* 
current  (ten  turns  of  wire  being  used  in  the  secondary  coil)  is 
one-tenth  of  the  current  in  the  main;  and  the  ammeter  readings 
must  therefore  be  multij)lied  by  10  to  give  the  current  in  the 


Fig.  2A± 

main,  or  tin*  aiiinu'ter  may  be  calibnittMl  to  rea<l  the  current  in  the 
main  directly. 

The  electrical  cDiineetion?  for  a  series  tninsformer  have  l>ei»n 
described  in  article  1>I.  In  Fio;.  19-4  tlie  coil  A,  in  series  with  the 
secondary  coil  S,  may  represent  the  switchboard  ammeter. 

The  (question  may  arise  as  to  why  the  switchboard  ammeter  is  not 
connected  as  a  shunt  across  tlie  terminals  of  a  low-resiMtauee  link  inserted 
in  the  main  circuit  whose  current  is  to  be  measured,  exactly  as  in  the  esse 
of  switchboard  ammeters  for  direct  currents.  There  are  two  reasons  wbv 
this  arrangement  would  not  be  permissible  : 

m)  An  alternating:  current  does  not  divide  l)etween  two  1 1 ranches 
of  a  circuit  in  inverse  j»rojM»rtion  to  the  resistances  of  the  brandies,  wlien 
either  branch  has  inductance.  Therefore  the  reading  of  a  shunttit 
alteriuitin^-eurrent  ammeter  cannot  be  multiplie<l  by  a  cnnistant  faettir 
to  ^ive  the  total  current  in  the  main  (rircuit. 

(ft)  It  is  oi)jccti(»nable  to  ha\e  the  annneter  in  electrical  eonnectioii 
with  hif;h-voltay:e  mains.  The  use  of  the  series  transformer  is  tlierefoiv 
preferal>le  on  the  grounds  of  both  accuracy  and  of  safety. 


M^ 


\ 


ALTERNATING  CCRRENT  MACHINERY 


25r. 


loSd.  Constant-Current  Transformers.  T)iu  i.'(iiiKlHiit-viir- 
rent  traiistoniifr  is  u  traiiHforiner  H|x!ciully  (leaigiieii  to  take  a 
nearly  coiiHtaiit  current  at  varying  angW  of  lug  from  conetant- 
voltage  iimiiis,  and  to  deliver  a  cunataiit  current  from  tte  eeuondary 
coil  to  a  receiving  i-ircuit  of  variable  realBtaiice.  The  action  of 
this  transformer  is  as  follows: 

The  primary  coil  P  and  the  secondary  coil  S  of  the  trans- 
former surround  a  long,  laminated-iron  core,  as  shown  in  Fig.  2-1:3. 
This  core,  and  the  yokes  at  the  top,  bottom,  and  sides,  form  a 
donble  magnetic  circuit.  The  magnetic  flnx  $,  which  at  a  given 
instant  passes  through  the 


■y  coil,  flows  partly 
through  tlie  secondary  coil  as 
the  useful  flux  U,  and  partly 
leaks  across  between  the]iri- 
mary  and  st^ondary  coils  as 
the  leakage  Hux  L. 

Tlie  leakage  flux  L,  in 
flowing  across  the  air  spaces 
from  core  to  yokes,  consti- 
tutes an  intense  magnetic 
field  which  pushes  up  on  the 
secondary  coil.  The  second- 
ary coil  is  suspended,  and 
partly  counterbalanced  by  a 
weight,  so  that  the  upward 
push  of  the  leakage  flux  just 
Buflicea  to  sustain  the  coil, 
receiving  circuit  is  increased. 


Fig.  243. 


If  the  resistance  of  the  secondary 
,  the  imniediate  result  is  to  reduce 
the  secondary  current  Iwlow  its  normal  value,  which  lessens  the 
upward  push  of  the  leakage  flux  on  the  secondary  coil.  Tbe  sec- 
ondary coil  then,  owing  to  tlie  unbalanced  action  of  the  weight, 
moves  down  towards  P.  the  leakage  flux  is  lessened  in  amount, 
and  the  useful  flnx  U  is  increased  in  amount.  This  increase  of 
useful  flux  increases  the  inductni  electromotive  force  in  S;  and  the 
downward  movement  of  8  continues  until  the  induced  electromo- 
tive force  in  S  is  large  enough  to  produce  tlie  normal  value  of  the 
current  tlirongh  the  incn-ased  secondary  ivsistunce. 
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Secondary 

Secondary 

Volis- 

Amperes. 

8,830 

6.60 

3,105 

6.70 

2,315 

6.67 

2,035 

6.65 

1,685 

6.65 

1.290 

6.65 

Similarlj.  a  decrease  of  resistance  of  the  secondary  receiving 
circuit  canses  a  momentary  increase  of  secondary  current  which 
increases  the  npward  posh  on  the  secondary  coil.  This  coil  moves 
upwards  nntil  the  secondary  current  is  reduced  to  the  normal  value. 

The  following  table  shows  the  approximate  constancy  of 
secondary  current  in  a  constant -current  transformer  supplying 
current  to  a  varying  number  of  arc  lamps  connected  in  series  to  its 
secondary  coil: 

TABLE  V. 

Constant-Current  Transformer  Data. 

Test  of  a  50-light,  6.6-ampere  constant -current  transformer, 
frequency  60  cycles  per  second. 

Primary  Number  of  Volts  per 

Vol  Is.  Lamps.  Lamp. 

2,200  50  76.6 

2,200  40  77.6 

2,200  30  77.2 

2,200  25  81.4 

2,200  20  84.2 

2,200  15  86.0 

With  50  lamps,  the  primary  current  is  14.83  amperes;  and 
with  20  lamps,  is  14.78  amperes.  In  the  latter  case,  the  primary 
current  lags  IV  behind  the  primary  applied  voltage;  the  power 
factor  corresponding  to  this  angle  is  0.320;  and  the  power  received 
from  the  mains  is  2,200  X  14.78  X  0.320  =  10,000  watts,  or  530 
watts  per  lamp.  With  40  lamps,  the  primary  current  lags  55' 
behind  the  primary  applied  voltage;  the  power  factor  correspond- 
ing to  this  angle  of  lag  is  0.575;  and  the  power  received  from  the 
mains  is  2,200  X  14.81  X  0.575  which  is  equal  to  18,800  watts, 
or  470  watts  per  lamp.  The  efficiency  of  the  transformer  with  a 
50-lamp  load  was  03.9  per  cent  and  with  a  20-lamp  load,  it  was 
85.7  per  cent. 

Fig.  244  is  a  general  view  of  the  mechanism  of  the  double- 
coil  (two  primaries,  and  two  secondaries),  constant-current  trans- 
former of  the  (ieneral  Electric  Co.;  and  Fig.  245  shows  the 
transformer  in  its  containing  case. 

The  mechanism  of  the  transformer  is  surroimded  by  an  iron 
case,  providing  ample  cooling  surface.  The  working  parts  of  the 
transformer  are  immersed  in  oil,  which  not  only  acts  as  an  insu- 
lator, but  assists  in  conducting  away  the  heat. 
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Within  the  working  limits,  the  niagoetic  repalsion  between 
the  fixed  Slid  moving  coils  of  the  system  for  a  given  position,  is 
proportional  to  the  current  flowing  in  the  coils.  The  transformer, 
therefore,  can  be  adJQst«<l  to  maintain  any  current,  simply  by 

i changing  the  amoont  of  counterweigh t. 
r 


KIg.   244. 
weight  is  efpiul  to  tiie  weight  of  the  coil  K-bb  the  eleflrinil  repul- 
sion; and  a  rediielion  in  the  counterweight  will  pri«luce  an  in- 
crease in  the  current. 

In  traneforniers  having  two  primary  and  two  secondary  coils. 
as  in  Kig.  244,  the  movable  aecoridary  coils  are  halauced  one 
against  tlia  other  by  a  system  of  double-rocker  arms  supported  on 
knife  edges.     The  weight  necessary  to  balance  the  repulsion   he- 
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resultant  force  tending  to  draw  them  together  should  be  less  than 
when  they  are  close  together. 

Regulation  of  Constant-Current  Transformers.  When  cur- 
rent flows  in  the  primary  and  secondary  coils,  the  mutual  repelling 
forces  separate  the  coils  until  ecjuilihrium  is  restored.  The  current 
corres])onding  to  the  ])08ition  of  equilibrium  may  be  adjusted  by 
changes  in  the  counterweights,  and  the  coils  will  then  always  take 
such  a  position  as  will  maintain  that  current  constant  in  the  sec- 
ondary coils,  regardless  of  the  external  resistances  to  which  the 
coils  are  connected.  With  any  current  less  than  normal,  the 
repelling  force  diminishes,  and  the  primary  and   secondary  coils 
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approach  each  other,  thus  restoring  normal  current.  As  soon  as 
the  secondary  current  exceeds  normal,  the  resultant  pull  exerted 
by  the  counterweight  and  coils  is  overcome,  and  the  secondary 
coil  moves  away  from  the  primary,  again  restoring  normal  cur- 
rent. Transformers  of  this  design  can  be  made  to  maintain  con- 
stant current  even  more  accurately  than  the  constant-])otential 
transformer  maintains  uniform  j)otential. 

In  Fig.  240  are  shown  (V/)  the  ground  [)lan  of  the  transformer 
and' switchboard,  with  its  braces  attached  to  the  transformer  case; 
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and  (A)  the  connections  of  the  primary  coil  through  switches  and 
fuses  to  a  constant- voltage  generator;  also  the  connections  of  the 
secondary  coil  through  an  ammeter  to  the  lamp  circuit.  The 
short-circuiting  switch  C  is  used  to  put  out  the  lights  by  short- 
circuiting  the  secondary  coil  of  the  transformer.  The  effect  of 
short-circuiting  the  secondary  coil  is  to  cause  only  a  very  slight 
increase  of  current  to  flow  through  the  transformer  primary. 

P  ig.  247  shows  front  and  back  views  of  a  one-panel  switch- 
board  for  a  25-  or  35-light  transformer.  The  switchboard  is  made 
of  highly  insulating  blue  Vermont  marble.  The  switches  are  of 
the  "  tubular  expulsion  "  type,  designed  to  open  high-voltage  cir- 
cuits and  to  ensure  suppression  of  the  arc.  The  ammeter  may  be 
cut  into  either  circuit  of  a  multi-circuit  transformer  supplying 
current  to  two  or  more  circuits  of  lamps,  by  the  jack  shown  in 
Fig.  247.  On  the  back  of  the  board  are  mounted  the  "  tubnlar 
expulsion  "  fuses  and  current  transformers  for  the  ammeter.  The 
current  transformers  have  a  1  :  1  ratio;  and  they  are  used  merely 
to  permit  of  the  complete  insulation  of  the  ammeter  from  the  high- 
voltage  secondary  mains  (lamp  circuit). 

io8e.  Transformer  Fuse  Blocks.  The  safety  fuse  links  de- 
signed to  protect  a  transformer  from  burn-out  in  case  of  short- 
circuit,  are  usually  placed  in  circuit  with  both  primary  and  second- 
ary coils.  The  fuse  links  connected  in  circuit  with  the  high- voltage 
coil  are  usually  encased  in  a  porcelain  tube  which  encloses  the  arc 
that  is  formed  when  the  fuse  melts;  and  the  expansion  of  the 
highly  heated  vapors  in  the  tube  extinguishes  the  arc  by  what  is 
called  '*  expulsive"  action. 

The  tubes  containing  the  fuses  are  usually  provided  with  brass 
terminals  for  the  fuses,  the  terminals  projecting  as  blades  from  one 
side  of  the  tube.  With  fuse  and  terminals  complete,  the  tube  is 
pushed  home  in  a  receptacle  containing  metal  spring  clips  that 
receive  the  fuse  terminals  somewhat  after  the  manner  of  an  ordi- 
nary knife-switch. 

When  the  fuse  melts  or  "blows",  the  tube  carrying  the  fuse 
and  terminals,  is  withdrawn  from  the  receptacle.  A  new  fuse  may 
then  be  put  in  ])lace  without  danger  to  the  attendant,  after  wliich 
the  tube  and  fuse  may  be  replaced  in  the  receptacle. 
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Id  Hiiiall  transfoniiere,  the  fiise  recuptacles  iisiiKlIy  form  part 

of  th«   containing  <»se;  but  In    large  trHusfoniiera  tlie  fuse    re- 

iptaclea   are,  na    a   geupral    thiug,   entirely   separate    from    the 

transformer,  and  are  mounted  at  any  convenient  pisint  near  the 


I  transformer— for  example,  on  a  cross-arm,  or  on  the  polo  whera 
I  the  transformer  is  placed.  In  the  case  of  transformers  for  use  out- 
\  of-doora  the  fuse  receptacles  always  consist  of  waterproof  cases  of 
;  iron  or  porcelain.  Figa.  248  and  249  show  a  aingle-pole 
transformer  fuse  block.     It  ia  constructed  entirely  of  jiorcelain. 
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Tilt*  fuse  is  mounted  in  a  bole  which  passes  lengthwise  throng 
the  Itig  projecting  from  tlie  under  side  of  the  cover.  The  ends 
of  the  fuse  link  connect  to  the  brass  screws  of  which  the  large 
heads  project  from  the  ends  of  the 
lug.  These  screw  heads  make  con- 
nection to  spring  cli[is  in  tiie  case 
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proper,  and  th«  spring  clips  connect  with  the  ends  of  the  wires 
leading  ont  from  the  receptacle.  The  hot  vapors  which  are  ex[)elled 
when  the  fuse  melts,  pass  out  of  a  hole  in  the  porcelaiu  knoh  tliat 


FiR.  251. 

projects  through  the  opening  at  the  iKttloni  of  the  r 
two  parts  of  the  Mock  are  fftsteued  together  \>y  i 
screw  clainp,  shown  in  Fig.  2+'.'. 


Kig.  250  shows  a  single-poKi  transforiner  fust,  hlocli.  Tlie 
containing  case  HikI  cover  are  of  cast  iron;  the  rect-ptiicle  on  the 
inside  is  of  porcelain;  and  the  fuse  carrier  i,'^  a  porcelain  Mock 
having  metal  terniinalB  that  make  connection  with  spring  cli]is  in 
I  he  receptiicle. 
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FigB.  251  and  252  show  a  doable- pole  transformer  fuse  blocK^c 

The  case  aud  cover  are  of  cast  iron;  the  receptacle  plate  ie  of  po:»-. 

celain ;  and  the  fiise  sapporterB  are  porcelain  tabes  with  aide  vente, 

as  in  Figa.  248  and  249. 

Atountlng    of    Outdoor  Transformers.     Fig.    253  shows  s 

transfonner  in  its  water-tight  containing  case,  mounted  on  a  pole, 
with  its  primary  coil  counectd 
through  a  double-pole  fase  block 
to  1,100-yolt  mains,  and  its  tvo- 
coil  secondary  con  nee  ted  to  EdiBOD 
three-wire  mains  forsapplying  io- 
candescent  lamps  in  a  near-by 
building.  Two  suspension  hooks 
A,  made  of  heavy  strap  iron,  are 
attached  to  the  back  of  the  trans- 
former case  by  slipping  the  bolt- 
heads  B  into  the  sockets  O,  after 
which  the  nuts  are  screwed  tight. 
The  transformer  is  hoisted  to 
its  position  on  the  building  or 
cross-arm  by  means  of  a  rope  or 
chain,  which  is  slipped  over  the 
two  hoisting  lugs  T>.  ^VTien  the 
transformer  is  hoisted  into  posi- 
tion, the  suspension  hooks  are 
slipped  over  the  cross-arm,  and 
screwed  fast  by  meaoe  of  lag 
screws.  The  lead  wires  from  the 
Fig.  iV!.    -  primary  coil  are  connected  to  the 

lower  fuse-box  leads,  and  the 

upper  fuse-liox  leads  are  connected  to  the  mains.     TJie  wires  from 

the  aecoiidary  coils  are  led  into  the  building  where  the  secondary 

fuses  are  placed. 

TRANSFORMER  TESTS. 

109.  Heat  Test.  The  simplest  method  of  performing  this 
test  is  to  connect  the  primary  coil  of  the  transformer  to  mains  giv- 
ing the  rated  voltage  and  frequency  of  the  transformer,  and  to  load 


ALTERNATING  CTRRENT  MACHIXERY  2K> 

the  secondary  with  a  hunk  of  lamps  or  a  water  rlieoiilat,  mljiistiri};; 
the  reeifltance  ao  as  to  get  ratt^  full-load  ciirreiit  from  tlie  trans- 
former. The  nin  sboald  tie  continned  until  an  npproxiiiiatelr  con- 
stant temperatare  is  reached. 

The  objevtion  to  loading  the  tranefonner  in  the  way  described 
is  that  it  requires  taking  the  fnll  rated  power  from  the  transformer, 
which  power,  therefore,  is  nsually  wasted.  The  following  method, 
accordingly,  is  preferable. 

If  two  transfonners  of  the  same  voltage  and  rated  capacity 
are  available,  the  teet  may  Ite  made  on  the  two  simnltaneonsly  by 
what  is  known  as  the  motor-generator  method.  The  arrange- 
ment is  shown  in  Fig.  254. 


Tra  ns  former  No.  z . 
Fig.  -JM. 


The  two  secondarieti  are  couuecte<)  in  parallel,  bikI  are  excited  fruni 
a  low- voltage  cJicult  A  at  normal  vultage  and  frequeucy;  umiijeciiieiitly 
normal  voltage  Is  Induced  in  each  primary  winding.  Tbe  two  primaries 
are  connected  in  series,  but  )a  such  a  way  as  to  oppoHe  each  other.  Tlie 
resultant  voltage  between  the  points  a  and  b  will  then  be  zero,  nulwlth- 
staoding  the  fact  that  full  voltage  exists  between  the  terminals  of  each 
transfonneT  secondary.  Therefore,  If  tbe  points  a  and  b  be  joined  together 
no  current  will  flow.  If,  however,  Instead  of  being  joined,  these  tenninalf 
are  connected  to  the  terminals  of  tbe  circuit  C,  any  voltage  linpressed  at 
C  will  produce  a  current  lu  the  circuit  of  the  primary  coils  Independent  of 
tbe  voltage  existing  in  each  of  the  primary  colls.  Hince  each  transformer 
lain  efl'ect  shoit-clrculted  by  tbeotber,  it  follows  that  approximately  twice 
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•  •.  ■■■  irli     >  ■     ::ij.     "f  ■■•■.«■  iraii^Turiiicr  iiiH'iv->«.'il  :it  <"  will  r:iii>f  f»U- 
1  .  •     "i  :'    .»  :     '  -ij:    Tvi    I  rMii:irit>  himI  >tni«iiil:irifs  *ir  ImiIIi.     I  u- 

:  ■  •  «*  •  ■  ;■  -.  ;'.t- ir.i:  *:•  r:ii«.r*  u  ill  run  at  full  li»:ul.  u  lirlf  the  lotal 
'  '  ■  ■_\  't  't*:  r  f.t.- It— I  am.  .M- t«»  liivreU  llie  lt»>>f?«  ill  Ihf  t\\t».  Tl»t? 
-:■.•'.-..     ■. •  i    I  f\«-:tali":.  r.irrviit  i\\\*\  iiirt*  Ii»>!-f*.  tlif  rimiii  i'  lljt 

1  :.v  :i  .\.!::tr\  i-'ti"ir«»iii"T  '■  e  fi»ntr  iiiii'rf«!«e<l  iit  <"  inav  he  clerive*! 
:p  :ii  t:  r  *:ii:.i  -  .r'l-  a*  \\iv  tlti-trt.iiu'li'. f  lun.t?  at  A.  i'V  iiit'anstifa  traiit*- 
i'-rii.t-r  A  rtj  .!:i:  :  .•  r.-i*ia:.«"c  iii'>l  l-i*  »*t»iiiiei.'leil  in  s^rit's  witli  it  to 
:»;.  A  :ii  -:::«.::•:  I 'it-  eitr^iniih'i  ■.  i-  I'lint  at  <■  until  the  ammeter  regiai- 
ler*  :...  -.    :i  1  •■  .rrt.:.:. 

Ii.t'  i::!',-  rta'  :  trMij  t-raf.iri—  in  \v  Ml.?.erve«l   are  those  of  tlie  e*>ils. 

•  ■"■re.    a: -i  r-M..      I  iic  Tr!iijfrat'ire   «'f   llie  i-aj*e  antl  i«l"  the  oil    may   lit 
111 —t-r'- f!  a*  •■lif-k". 

Tlie  iltrttrrnii!  :t:!>-:i  «>;'  ihe  ttrni|-er:iiure  of  the  i.*oil  may  he  made  Ity 
tlit-ruii  III  tier  i-r  i  \  nit^a>urtriLient  ui  rt-^isiant'e.  If  a  tranr^fonner  ha** 
rt-iiia:!.tr<l  in  a  r<->in  ••l'o>i.>tani  teni]-t-ratiire  many  hours.  m>  that  theteiii- 
l-t-r:il  irt*  i«  a)  ]  ri>\iniaic!y  uniform  lhr«>n:.'hout.  thermometer  iiieasurc- 
iiiL-:  :  ir.'liialt-  '.'.ile  aiiurateiy  ilie  tem^-erature  *»f  the  wimliii^s.  If. 
::"A  t'li.  il.t- lraii>!.rnier  i;-  railiatin^r  ht-at.  as  ilurinir  the  heal  nil),  t  lit: 
:i«  r.iiil  Uiiij  i-r:ir.irf  oi  ihtr  ri-j  pt-r  «-oii>  u  ill  he  mueh  vrreater  tlian  the  tem- 
I'trar.rt  I'i  -'i.r::ii'i-  in>iilaiii-n. 

I:  WL-  k:."\v  \\:v  •rnlil"  Tt'-i>ianie.  as  measureil  under  tlie  first  of  the 
ahu'.  t' '-xiiililii'iio.  :iu*\  the  lemjierature  «»f  the  eoii  at  the  time  of  iiieatsure^ 
rner.t.  w  t-  li:»- i- a  riii-a;i>iif  tindini:  tiie  "hi^l"  temiierature  ofthecHiil  li\' 
iik:»^'1!  :._:  il^  '  :  ■l  '  it-;-laii«'e.  The  li-^e  in  temperature  aln»\e  the  teiii- 
|er;it'..!L  :ti  \^■.:•■'l  ll.t  ■■i.i»l«l""  le-^ii^l.'iin'e  u a-^  measured,  may  he  < I eter- 
niiiit'l  ;i--:ii  r  <.-  i  ■  '.iatii-!!. 

i:   -  n.    1  -  n.«N»4  .r  - 1  ;. 

niulii'li  11;  i- i!k  ■■  ■■"I'I  ■■  re-i*l;inre.  \\  is  the  "  hot  "  rep»isianee,  ami  .#•  -  f 
I-  li;i  i.*u  :m  I  Ik  \ki\\\  i  iMl-iie  e\|  re!*!*ed  in  deirree>  eenli^ratle.  The  tem- 
pciai.'i-  i-.-ui^iiii  III  NT  i-i'MiJiien-i.-tl  rn|i|n.'r  w  ire  i^'  taken  as  U.<mk|. 

It  liK-  i.i.'r-'  Uin|-i  r;iTi;ie  dii!er>  iMMn  -'•  i'  tlie  «>hser\ ed  rise  in  teiii- 
|itr:il:;'.e -i!"'.;'!  I  i-  t-m  ivi-U'il  ly  «'..')  j-tr  reiil  for  e:H'li  deirree  rentier rade. 
Thii'-.  wii'ia  i-M'iii  ti  m]'<.  laliiiv  «'l  ;'"''  <  .  llie  i»li>er\ed  ^i^»e  should  he  de- 
i-Ra.-ed  \\  ■"'  I'lirriil  ;  ar.ii  with  a  r«'iiin  leniperalure  of  lo  ('.  theohservei] 
ri>e  >hiiul<l  It  iiirrt-a-id  l-y  -'i  jii-r  ci-iit. 

IK).  Core-Loss  and  Excilinjc-Current  Test.  I'or  this  ti^st. 
tlif  tiJiM.-rnriiMT  i-  r(»iiinM-tri|  a-  ^Inwn  in  tln»  (li:iixrani,  Fitf.  tio.j, 
tin*  pi'iinarv  In-iiio;  Irfl  on  ujit-n  eii'ciiit.  Tlieoivtically  llu-  te:?! 
may   Ik*  cai'iinl   out    ^\itll    ^ '///./■  i-oi I    i-onnecte*!    to   tnaiiis   of   the 

t 

NoTK.  The  inijiedanir  \«)ltai:e  nt"  a  transformer  is  the  eleetromo- 
ti\e  rt)ree  w  hi«-li  mu>l  he  applied  Iti  the  primary  eoil  to  produee  full-load 
niireiit  in  hntii  r<iils  w  lien  the  M-rtwidar^  coil  is  ^i^nrt-ei^•uited.  This  volt- 
aL'e  i>  Intm  L*  percent  U*  >>  per  rent  ot  tlie  rate<I  lull-load  prinniry  M>ilajre. 
Sev-  artirle  1 1'J. 
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proper  voltape  and  frequency.  In  practio?,  however,  it  ia  l>etter. 
from  the  standpoint  botli  of  eonvenience  and  of  safety,  to  L'oniiect 
the  xevimilartj  coil. 

The  electromotive  force  is  adjusted  by  means  of  the  variable 
resistance  antil  the  voltmeter  indicates  rated  set-ondary  voltaire. 
Ttii'  ammeter  then  indicates  the  exciting  or  no-luad  cnrn-nt;  and 
the  witttmotcr  indicates,  very  eloscly,  the  core  loss. 

III.  Resistance  of  Coils.  Tliu  resistance  uf  a  coil  of  a  (ntiis- 
for  intT.inay  lie  measured  by  the  ordinary  drop-uf-[>otfiitial  iiietluid. 
This  method  consists  in  passing  throngh  the  coil  a  direct  current, 
the  value  of  which  is  noted  by  an  ammeter,  while  the  drop  of  [kj- 


Transformer 


tential  across  the 
E 


jK- 


foil  i.s  measured  by  a  voltmeter.     Then  the  resist- 
Knowiiig  the  resistance  of  the  coils,  we  ciin  de- 


termine the  drop  in  poleiititil  due  to  resistance,  uiider  lond.  This 
loss  of  electromotive  force  ia  usually  expressed  in  per  cent  of  the 
electromotive  force  supplied  to  the  primary. 

113.  Impedance.  To  determine  the  iiu])edance  voltage,  the 
transformer  is  connected  as  shown  in  Fig.  S.jO.  As  the  iniiietlance 
voltage  is  not  very  large — varying  from  '1  per  cent  lo  IS  per  cent  of 
rated  primary  voltage  in  standard  transformers — a  much  more  ac- 
curately readable  deflection  of  the  voltmeter  will  \m  obtained  if  the 
primary  coil  is  connected  to  the  mains.  As  will  be  seen  by  refer- 
ring ..o  Fig.  25fi,  the  secondary  coil  is  short-cia'nlteil,  Tbe|uiMiarv 
coil  ia  connected,  in  series  with  an  adjustable  resistance,  to  the  low- 
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Core  loss,  as  determined  by  test 70  watts. 

Copper  losses  at  full-load  are: 

Primary  loss  =  R'I'«  =  10.1  x  (2.5)2  = es  watts. 

Secondary  loss  =  R"I"«  =  0.067  x  (25)«  = .  .42  watts. 

Total  loss  at  fnll-load 175  watts. 

Full-load  output 5,000  watts. 

Full-load  intake 5,175  watts. 

FuU-load  efficiency  5,000-^5,175  = 90.0  per  cent. 

At  half. load: 

• 

Total  RP  loss 20  watts. 

Core  loss 70  watts. 

Total  loss 9f)  watts. 

Half-load  output 2,500  watts. 

Half- load  intake 2,590  watts. 

Half- load  efficiency,  2,500  ^  2,590= 90.3  per  cent. 

The  all-day  efficiency  of  a  transformer  is  the  ratio  of  the  out- 
put of  work  (watt-hours)  during  the  day  to  the  total  input  of  work 
(watt-hours).  The  usual  conditions  of  practice  will  be  met  if  the 
calculation  is  based  upon  5  hours  at  full  load,  and  19  hours  at  no  load. 

Output: 

5  hours  at  full  load  =  5  hours  X  5,000  watts  =25,000  watt-hours 

19  hours  at  zero  load  =  0  watt-hours 

Total  output  in  24  hours  =25,000  watt-hours 

Input: 

5  hours  at  full  load  =  5  hrs.  X  5,175  watts  =  25,875  watt-hours 
19  hours  at  zero  load  =  19  hrs.  X       70  watts  =   1,330  watt-hours 

The  zero  load  intake  is  but  very  little  more  than  core  loss, 
since  R'l''  is  negligible  at  zero  load. 

Total  intake  in  24  hours  27,205  watt-hours 

All  day  efficiency  25,000  -4-  27,205  =  91.9  i)er  cent 

114.  Polarity  Test.  Transformers  are  generally  designed  so 
that  the  instantaneous  direction  of  flow  of  the  current  in  certain 
selected  leads  is  the  same  in  all  transformers  of  the  same  type. 
For  example,  the  transformer  shown  in  Fig.  257  is  designed  so 
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tliat  the  current  at  any  instant  flows  into  lead  A  and  out  of  leadC. 
Such  transformers  run  properly  in  parallel  when  BJinilar  priinarj 
and  8tH?ondary  leads  on  differtnit  transformers  are  conuecteil  to 
gether.  The  primaries  of  two  transformers  A  and  B  are  conuectec 
to  supply  mains,  the  connections  of  one  primary  being  made  with 

out  reference  to  the  connections  o: 
the  other.  It  is  desired  to  deter 
mine  (Ist)  how  the  secondaries  are  t< 
be  connected  in  parallel  to  supply 
current  to  one  and  the  same  receiv 
ing  circuit;  and  (2nd)  how  the  sec 
ondaries  are  to  be  connected  in  seriei 
to  supply  current  to  a  receiving  cir 
cuit.     This  test  is  made  as  follows 


Pr/mary        B 


Seconcfau^^ 

Y\%,  2.=)7. 


Connect  a  tenniual  (say  a,  Fig.  258 
of  the  secondary  of  one  transformer  U 
one  terminal  c  of  the  secondary  of  tlu 
other  trauHformer.  Tlien  connect  twc 
110-volt  lamps  in  series  (or  a  voltmeter; 
to  the  other  two  terminals  h  and  d.    II 

the  lam  pa  do  not  light  (or  if  the  voltmeter  gives  no  deflection),  then  (Ist) 

the  terininaLs  a  and  c  are  the  proper  ones  to  connect  together  to  one  servioi 

main;  and  the  terniinalH 

b  and  d  are  to  he  connect-     SuppfV  Moi/l 

ed   together  to  the  other 

wervice  main;  and  (:ind) 

the  terminals  a  and  c  are 

not  tlie  proper  ones  to  he 

connected  together,  hut  b     

and  (•  are  properly  con- 

ne(!ted  together  in  order 

to(H)nnecttliet\vo  codn  in 

sericH,  the  other  two  ter- 
minals a  and  </  heingcon- 

nected  to  the  service 

mains. 


jScuw/y 


A/fa/n 


\  OQQQ. ) 


a 


*-WVo//s-^ 


^WOl/oUs-^ 


Fig.  2.58. 


THE  ROTARY  CON- 
VERTER. 

115.     The   Rotary 
Converter  i 8  a  iriadiine  for  converting  alternating  current  to  direct 
current,  or  vt<'(>  vrrxa.     The  ini])()rtance  that  such  machines  have 
now  assunu^d  in  the  electrical  industry  is  due  to  several  causes  : 


a«i 
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(//)  It  is  necessary,  for  economic  re^isons,  to  ufie  alternatinjr 
current  at  high  voltages  in  long-distance  transmission,  as  explained 
in  article  4.  Therefore,  rotary  converters  are  required  for  chang- 
ing the  alternating  current  into  direct  current  for  use  in  electric 
railway  motors,  which  must  be  supplied  with  direct  current  from 
the  trolley  wire  at  points  at  a  distance  from  the  power  house. 

(h)  Rotary  converters  are  needed  for  charging  storage  bat- 
teries in  places  where  the  central  station  supplies  alternating  cur- 
rent, and  inverted  rotaries  are  necessary  for  factory  driving  witli 
alternating-current  motors  in  cases  where  direct  current  only  is 
supplied  by  central  stations. 

({*)  Direct  current  is  necessary  in  many  of  the  chemical  and 
electro-metallurgical  industries  such  as  the  electrolytic  reduction  of 
aluminum  from  its  ores,  the  electrolytic  refining  of  copper,  etc.  If 
alternating  current  is  generated  and  transmitted  to  these  estal»lish- 
ments,  it  must  be  converttnl  into  direct  current  before  it  can  be 
utilized. 

116.  Comparison  of  the  Rotary  Converter  and  the  Direct- 
Current  Dynamo.  In  general  appearance  and  construction,  the 
rotary  converter  resembles  the  direct-current  generator  very  closely. 
The  chief  outward  difference  is  the  addition  of  a  number  of  col- 
lector rings  concentric  with  the  shaft  on  one  side  of  the  armature, 
and  the  commutator  is  very  much  larger  than  in  the  ordinary 
direct-current  generator.  Another  point  of  difference  is  in  the 
relative  dimensions  of  the  magnetic  circuit,  including  yoke  and 
magnet  cores,  which  are  smaller  than  would  be  usual  or  desirable 
in  ordinary  direct-current  generators. 

Under  the  usual  condition  of  running,  the  armature  is  driven, 
as  in  a  simple  synchronous  motor,  by  alternating  current  supplied 
to  the  collector  rings  from  an  external  source.  While  so  revolv- 
ing direct  current  can  be  taken  from  brushes  bearing  ujx)n  the 
commutator. 

The  current  in  the  armature  of  a  rotary  converter  may  be 
thought  of  as  the  difference  between  the  inflowing  alternating  cur- 
rents and  the  outflowing  direct  current.  The  average  value  of  the 
current  in  a  given  armature  conductor  is  therefore  smaller  in  value 
than  in  the  corresponding  direct-current  generator,  and  the  heat- 
ing effect  (RP)  is  correspondingly  less.     Furthermore,  the  mag- 
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netizina  action  of  the  inrtowingailtematiDg  carrent  npon  the  arma- 
ture is  about  c<>m|)letely  neutralized  by  the  niagnetiziDg  action  of 
the  outtlowing  direct  current.  Therefore  a  larger  number  of 
smaller  conductors  may  l>e  wound  upon  a  given  armature  core,  if 
the  armature  is  to  be  us*  d  for  a  rotary  converter,  than  would  be 
permissible  if  the  armature  were  to  be  used  for  a  direct -current 
generator.  That  is,  the  allowable  |)Ower  output  of  a  machine  of 
given  size  is  not  limiteil  to  so  small  a  value  if  the  machine  is  to  be 
used  as  a  polyphase  rotary  converter,  as  it  would  be  if  the  machine 
were  to  be  used  as  a  direct-current  generator. 

The  following  table  gives  the  power  ratings  which  a  machine 
that  would  be  rated  liK)-K.W.  if  used  as  a  direct-current  generator 
has.  when  it  is  used  as  a  single-phase,  three-phase,  two-phase  (four- 
ring »,  and  six- phase  converter  respectively. 

TABLE  VI. 
Power  Ratings  of  Rotary  Converters  in  Kilowatts. 


Contiuuoutii- 

eurreiit 

dynamo. 


Single- 
phase 
converter. 


Three- 
phase 
cH>nverter. 
i:vj 


Four- 
ring 
converter. 
162 


Six- 

phase 

converter. 

192 


117.    To  Make  a  Direct-Current  Dynamo  into  an  Alternator. 

Consider  an  ordinary  bi[>olar*  direct-current  dynamo.  Imagine 
two  op{)Osite  coninuitator  bars  of  the  machine  to  be  marked  a  and 
h  res[>ectively  (see  Fig.  2o\h,  Let  the  field  magnet  of  the  machine 
l)e  excited,  and  the  armature  In*  driven  at  a  speed  of  //  revolutions 
j>er  second,  in  a  counter-clockwise  direction,  as  shown  by  the 
arrow.  At  a  given  instant  the  marktHJ  bars  will  l)e  midway  between 
the  direct -current  brushes,  as  shown  in  the  figure.  I^t  us  call  the 
position  of  the  armature  at  this  instant  the  position  A,  Fig.  21)0, 
and  let  us  consider  the  way  in  which  the  electromotive  force  be- 
tween  the  given  pair  of  commutator  bars  a  and  h  changes  as  the 
armature  rotates. 

(//)  While  the  armature  is  making  the  first  quarter  of  a 
revolution  from  the  A  position,  the  bars  will  move  until  bar  *i 

*NoTK.  The  following  discussion  applies  to  multipolar  machines 
alM),  hut  the  HtatementH  are  much  siuipler  when  limited  to  the  hi|M>lar 
machine. 
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touches  the  +  brush  and  bar  h  touches  the  -  brush;  and  the 
electromotive  force  between  tlie  bars  will  grow  from  zero  to  the 
full  value,  E,  of  the  direct  electromotive  force  between  the  brushes. 

(^)  While  the  armature  is  making  the  second  quarter  of  a 
revolution  from  the  A  j)08ition,  the  bars  will  move  until  they  are 
again  midway  between  the  direct-current  brushes;  and  the  electro- 
motive force  between  the  bars  will  drop  from  the  value  E  to  zero. 

(c)  While  the  armature  is  making  the  third  quarter  of  a 
revolution  from  the  A  position,  the  bars  will  move  until  bar  a 
touches  the  -  brush,  and  bar  h  touches  the  +  brush  ;  and  the 
electromotive  force  between  the  bars,  which  must  now  l)e  consid- 
ered as  necptive,  will  grow  from 
zero  to  the  value  E.  /    / 

(./)     While  the  armature  is  /   /-^-^^^^^ 

making  the  fourth  quarter  of   a  .-- ^"""^ -. 

revolution  from   the  A  position. 


y 
• 


\  *x 


/7- 


the  bars  will  move  until  they  are  /      ^ 

again  midway  l>etween  the  direct-  /     / 

current  brushes;  and  the  electro-     A 
motive    force    between    the  bars,  ^      ^ 

which  is  still  to  be  considered  as  \      ^ 

negative,  will  drop  from  the  value 
E  to  zero. 

These  successive  changes  of 
electromotive  force,  between  the  /    /^^BrUSh 

given  pair  a  h  of  commutator 
bars,  which  occur  duringone  com- 
plete revolution  of  the  armature,  are  shown  graphically  in  Fig.  200. 

It  is  at  once  evident  that  the  electromotive  force  between  the 
bars  a  and  h  is  an  alternating  electromotive  force,  and  that  this 
alternating  electromotive  force  passes  through  a  cycle  of  values 
during  each  revolution  of  the  armature,  so  that  \\.^  frequency  !h 
equal  to  the  revolvtions  2>er  second  of  the  armature  (for  the  case 
of  a  bipolar  machine). 

Furthermore,  it  is  clear  that  the  alternating  electromotive  force 
between  a  given  pair  of  commutator  bars  a  h  on  a  direct-current 
dynamo  may  be  utilized  for  the  j)ro<luction  of  alternating  current; 
or  the  direct-current  dynamo  may  be  made  into  an  alternator  by 
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providing  a  pair  of  insulated  metal  collecting  rings  connected  per- 
manently  to  the  bars  a  and  h  respectively,  and  which  are  kept  in 
continuous  connection  with  an  outside  circuit  by  means  of  an 
auxiliary  pair  of  brushes,  that  is,  brushes  entirely  separate  and 
distinct  from  the  direct -current  brushes  before  mentioned. 

A  direct-current  dynamo  made  into  an  alternator  as  above  ex- 
plained,  but  with  its  direct-current  brushes  and  commutator  kept 
intact,  is  called  a  rotary  converter;  and  in  this  particular  case, 
where  two  collecting  rings,  only,  are  provided,  the  machine  is 
called  a  single-phase  rotary  converter.  When  the  machine  is  pro- 
vided, as  explained  below,  with  three  collecting  rings,  four  collect- 
ing  rings,  or  six  collecting  rings,  it  is  called  a  polyphase  rotary 
converter. 

j  J  first      1    Second   :     Third     \    Fourth  \ 
1  ^/Revolutior^^  xifei^utionx  \Revo/uV(^y  j^RevolutioAi 


Fig.   :i()(). 

ii8.  The  Three-Ring  Converter.  Three  equidistant  coni- 
iiuitator  l>ars  ^^  h^  and  r  (Fig.  2r)l)  of  a  direct-current  dynamo  are 
connected  to  three  collector  rin^xs.  It  is  shown  later  in  this  dis- 
cussion  that  the  electromotive  force  between  bars  a  and  h  is, 
in  j)hase,  l^O'  ahead  of  the  electromotive  force  between  bars  h 
and  r,  and  240'  ahead  of  the  electromotive  force  between  bars 
c  and  <u  Three  electromotive  forces  related  in  this  way  are  called 
three-phase  electromotive  forces;  and  a  direct-current  dynamo 
provided  with  three  slip-rings  as  specified,  is  called  a  three-pha^ 
or  three-ring  rotary  converter. 

119.  The  Four-Ring  Converter.  Four  equidistant  commu- 
tator bars  </,  /y,  <('  and  h'  (Fig.  202)  of  a  direct-current  dynamo  are 
connected  to  four  collecting  rings.  Then  the  electromotive  force 
between  the  rings  ^i  and  ti  is  at  its  zero  value  when  the  electro- 
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motive  force  between  rings  h  and  h'  is  at  its  jrreatest  value,  or  rin 
vtf/'^a.     Two  eleetmniotive  forces  related  in   this  way  are   C4illt»d 
two-phase  electromotive  forces;  and  a  dirix't-cnrrent  dynamo  pro- 
vided with  four  collecting  rings  as 
8j)ecified,  is  called  a  two-phase  or, 
more  accurately,  a  four-ring  rotary 
converter. 

190.  The  Six-Ring  Converter. 
Six  equidistant  commutator  bars  (f^ 
J,  r,  a\  b\  r  (Fig.  203)  of  a  direct- 
current  dynamo,  are  connected  to 
six  slip-rings.  Such  a  machine  is 
called  a  six-phase  or  six-ring  ro- 
tary converter.  The  electromotive 
force  between  the  rings  a  and  a  is, 
in  phase,  120°  ahead  of  the  electro- 
motive force  between  rings  h  and 
h\  and  24(F  ahead  of  the  electro-  y^^  ^iM, 

motive  force  l>etween  rings  r.  and  r  . 
Three  electromotive  forces  so  related  are  called  three-phase  electro- 


Fig.  262.  V\^.  263. 

motive  forces;  and  a  six-ring  rotary  converter  may,  under  certain 
conditions,  be  suj)plied  with  three-phase  alternating  currents. 
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lai.  Multipolar  Rotary  Converters.  The  foregoing  articles 
1 117  to  120)  refor,  for  the  sake  of  simplicity,  to  a  bipolar  machine. 
In  till*  wise  of  a  multipolar  direct -current  dynamo,  having  y>  field 
magnet  jKiles,  the  connections  of  the  n  rings  of  an  ?^-^ing  converter 
are  as  follows: 

liing  No.  1  is  connected  to  the  J  equidistant  commutator  bare 
which,  for  a  given  |X)8ition  of  the  armature,  are  squarely  opposite 
to  the  centers  of,  say,  the  north  poles  of  the  field  magnet.     Let^/ 
l»e  the  distance  between  the  commutator  bars  to  which  ring  No.  1 
is  connecttnl.     King  Mo.  2  is  connected  to  the  f  equidistant  com- 
mutator bars  which  are    \   of  d  ahead  of  the  bars  connected  to 
ring  No.  1;  ring  Xo.  3  is  connected  to  the  ^  equidistant  commu- 
tator bars  which  are  \  of  fl  ahead  of  the  bars  connected  to  ring 
No.  1;  and  so  on. 

Kd'fUnjylr,  A  0-pole  direct-current  dynamo  with  72  commu- 
tator bars,  to  be  made  into  a  three-ring  converter,  would  have  ring 
No.  1  connecteii  to  commutator  bars  1,  25,  and  49;  ring  No.  2 
connected  to  commutator  bars  9,  33,  and  57;  and  ring  No.  3  con- 
nected to  com  mutator  bars  17,  41.  and  65. 

122.  Electromotive  Force  Relations  of  the  Rotary  Converter. 
lA»t  E  be  tile  value  of  the  steaily  electromotive  force  between  the 
(lireet-curreiit  i>rusheti  of  a  rotary  converter;  and  let  E,,  E3,  E^,  E,, 
lie  the  fiFf'tn\  c>ih(,s  of  the  alternatincr  electromotive  force  he- 
tween  tnljurfnf  collecting  rings  of  a  2-ring,  3-ring,  4-ring,  and 
()-ring  rotary  converter,  res|K'ctively.  It  is  desired  to  find  the 
relationshij)  between  these  various  electromotive  forces. 

U,  hifinns/,',p  fh(tr..ti  K  iiml  /*'..  The  maximum  value  of 
the  alternating  electromotive  force  l>etween  the  collecting  rings  of 
a  2-rinix  converter,  occurs  at  the  instant  when  the  commutator 
i»ars  to  whieh  the  colleotinix  rintrs  are  connecttnl  are  in  contact  with 
the  direct -current  brushes,  and  this  maximum  value  is,  of  course, 
equal  to  E.  Therefore  the  elTei'tive  value,  E.,  of  the  alternating 
electromotive  force  betwet»n  the  slip-rings  of  a  2-ring  converter  is 

E 

enual  to     '    -  .     That  is 
^  I    2 
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Btlationship  between  E^  and  E^.  The  discussion  of  the 
relationship  between  E.^  and  E3  will  be  carried  out  for  a  very  special 
case,  namely,  where  the  armature  has  18  conductors;  and  this 
special  discussion  will  lead  to  a  very  simple  geometrical  construc- 
tion which  will  easily  give  the  relationship  between  E^,  E3,  E^,  and 
Ej,  and  will  also  show  the  phase  relations  of  the  various  electro- 
motive forces  of  a  3-ring,  of  a  4-ring,  or  of  a  O-ring  converter. 

Fig.  264  represents  a  direct-current,  ring-wound  armature, 
having  18  conductors,  each  conductor,  of  course,  rej)re8enting  a 
turn  of  wire.     Consider  the  conductor  a.     This  conductor  has  an 
alternating  electromotive 
force  induced  in  it  as  the 
annature  rotates.  Let  this 
alternating  electromotive 
force  (effective  value)  be 
represented  by  the  short 
line  a  in  Fig.  265. 

Consider  the  next 
following  conductor  h. 
The  alternating  electro- 
motive force  induced  in 
this  conductor  has  the 
same  value  as  that  induced  in  conductor  (/,  but  is  hrltimi  it  'nt  phani' 

360° 
by  the  angle  -^rrr   —  20',  where  18  is  the  total  number  of  arma- 
ture conductors.     Let  the  electromotive  force  induced  in  conductor 
h  be  represented  by  the  short  line  If  in  Fig.  265. 

Similarly,  the  short  lines  r,  //,  <-,  /',  </,  etc.,  in  Fig.  265,  rep- 
resent the  alternating  electromotive  forces  (effective  values)  in- 
duced in  the  conductors  r,  ^/,  r, /*,  y,  etc. 

Consider  first  the  2-ring  converter.  Su])])ose  that  its  slip- 
ring  No.  1  is  connected  to  the  commutator  l)ar  which  is  between 
conductors  r  and  a^  as  shown  in  Fig.  264;  then  its  other  slip-ring 
will  be  connected  to  the  bar  which  Is  between  conductors  /  and  7, 
and  the  alternating  electromotive  force  E.,  between  these  two  slip- 
rings  will  be  the  vector  sum  of  the  electromotive  forces  ^^  />,  6*,  d^ 
^?/j  </j  '*J  *"^  ^   (*'^g-   2^^)'  ^^  shown   in    Fig.  266.     That  is,  E^ 


Fig.  2«4 


Fig.  265. 


OAQ 
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(effective  valued  is  represented   by  the  diameter  of  the  polygon 
(circle)  in  Fig.  266. 

Consider  now  the  3- ring  converter.  Suppose  its  three  rings 
are  connected  as  shown  by  the  nambers  1«  2^  and  3  in  Fig.  264. 
Then  the  electromotive  force  E',,  between  rings  1  and  2  is  the 
vector  sum  of  the  electromotive  forces  a.  i,  c^  </,  e,  and^/*,  as  shown 
in  Fig.  266:  the  electromotive  force  E",,  between  rings  2  and  3, 
is  the  vector  sum  of  the  electromotive  forces  g^  hj  i^jj  k,  and  /,  as 

shown  in  Fig.  266,  and  the 
electromotive  force  E'"„  be- 
tween rings  3  and  1,  is  the 
vector  sum  of  the  electromotive 
forces  ;/i,  w,  ^,y>,  y,  and  r,  as 
shown  in  Fig.  266. 

Therefore,  the  effective  value 
of  the  electromotive  force  E^  be- 
tween the  two  rings  of  a  2-ring 
converter,  being  represented  by 
the  diameter  of  a  circle,  the 
effective  value  of  the  electro- 
motive force  Ej,  between  any 
two  rings  of  a  3-ring  converter 
is  represented  by  a  120'  chord 


Fig.  'Jm, 


of  the  same  circle.      Therefore: 


*< — 7^ —  •    **■*  >\ 


or,  usin<x  the  valiitM>f  E.  from  eijuation  31*,  we  have: 

E.    --    '    ;^    •      ^^       -::    0.r,12    E. 


(40) 


It  is  to  l»e  iiottMl  that  in  order  to  make  a  direct -current  ma- 
chine into  a  3-,  -4-,  or  6-ring  converter,  the  numl)er  of  armature 
conductors  must  be  divisible  by  the  nunil)erof  rings.  Therefore, 
the  armature  shown  in  Fig.  204  is  not  suitable  for  a  4-ring  con- 
verter, although  it  is  suitable  for  a  0-ring  converter. 

6V//^'/v//  Sfntt'inent  (tf  lielationshlj)  bt'ticttn  /f,,  E^^E^^  ami 
E^,     Tlie  foregoing  discussion  shows  that  if  the  effective  value  of 
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Ej  is  represented  by  the  diameter  of  a  circle,  then  the  effective 
value  of  Eg  is  represented  by  a  120'  chord,  the  effective  value  of  E^ 
is  represented  by  a  90"^  chord,  and  the  effective  value  of  E^  is  repre- 
sented by  a  60"  chord  of  the 
same  circle.  This  is  shown 
in  Figs.  266,  267,  and  268. 
From  Fig.  267,  we  have : 

I  2 

or,  sul>stituting  the  value  of 
E.  from  equation  39,  we 
have: 

^X-^=^.    (41) 


E.= 


From  Fig.  268  we  have : 
E.  =   '  E.; 


Fig.  267. 


or,  substituting  the  value  of  E,  from  equation  39,  we  have: 


E.  =    .T  X 


-L  =  0.354E.  (42) 

Summary  of  Electro- 
motive Force  Relations  of 
the  Rotary  Converter.  Ixjt 
E  l)e  the  electromotive  force 
between  the  direct-current 
brushes  of  a  rotary  con- 
verter; then, 


E.  =-:  0.707  E  ] 
0.(il2  E 
0.500  E 
0.354  E 


E.  = 


(43) 


in  which  E,,  E^,  E^,  and  E^, 
are  the  effective  values  of  the 
p.     2gg  .  alternating    electromotive 

force  betw^een  adjacent  col- 
lecting rings  on  a  2-ring,  3-riug,  .4-ring,  and   6-ring  converter 
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respectively,  and  E  is  the  steady  value  of  the  electromotive  force 
between  the  direct-current  brushes  in  each  case. 

Examples.  A  rotary  converter  is  to  deliver  direct  current  at 
500  volts. 

(a)  It  must  be  supplied  with  single-phase  altematmg  current  at 
363.5  volts,  effective,  if  it  is  a  2-ring  eouverter. 

(6)  It  must  be  supplied  with  three-phase  currents  at  306  volts  effec- 
tive between  each  pair  of  the  three  supply  niaiuH,  if  the  converter  is  a 
3-ring  converter. 

(c)  It  must  be  supplied  with  two-phase  currents  over  four-wire 
supply  mains  with  1250  volts  effective  between  mains  con necte<l  to  adjacent 
collector  rings,  or  353.5  volts  effective  between  mains  connected  to  oppo- 
site collector  rings,  if  the  converter  is  a  4-ring  converter. 

(d)  It  must  be  supplied  with  six-phase  currents  over  six-wire  su|)- 
ply  mains,  with  177  volts  effective  between  the  mains  connecte<i  to 
adjacent  collector  rings;  or  with  3(K>  volts  effective  between  the  mains  con- 
nected- to  rings  1  and  3;  or  with  35^^.5  volts  effective  between  the  mains 
connected  to  opposite  collector  rings. 
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PART  V. 


133.  Modification  of  Theoretical  Voltag^e  Ratios  in  Actual 
Macliines.  The  theoretical  ratios  of  alternating  to  direct-current 
voltage  are  not  always  found  to  hold  good  in  practice.  This  is 
owing  to  a  variety  of  causes,  chief  among  which  are  :  the  deviation 
of  the  generator  voltage  from  a  sine  wave,  the  voltage  drop  in  the 
armature  windings,  the  position  of  the  direct-current  brushes  on 
the  commutator,  and  the  degree  of  field  excitation. 

As  the  direct-current  voltage  at  the  commutator  brushes, 
neglecting  the  resistance  drop  III  in  the  converter,  is  equal  to  the 
maximum  instantaneous  voltage  between  opjx)site  collector  rings, 
a  flat-top  wave  gives  a  higher  ratio  (/'.<.,  lower  direct-current  volt- 
age), and  a  peaked  wave  a  lower  ratio  (Z.^.,  higher  direct-current 
voltage),  for  the  same  impressed  alternating-current  voltage.  More- 
over, the  shape  of  the  electromotive  force  wave  impressed  by  the 
generator  upon  the  converter,  is  modified  by  the  form  of  the  counter 
electromotive  force  wave  of  the  converter.  Hence,  a  short  pole  arc 
of  the  converter,  producing  a  peaked  wave  of  counter  electromotive 
force,  tends  to  lower  the  direct-current  voltage,  and  a  long  pole  arc 
tends  to  raise  the  direct-current  voltage,  for  the  same  impressed 
alternating  voltage. 

A  displacement  of  the  brushes  from  the  neutral  point  decreases 
the  direct-current  voltage  fot  a  given  alternating-current  voltage, 
the  variation  in  extreme  cases  amounting  to  several  per  cent. 

Over-excitation  of  the  field  magnet  may  increase  the  direct- 
current  voltage  one  or  two  per  cent;  while  with  under-excitation, 
i.e.^  with  lagging  current,  the  direct-current  voltage  may  be  de- 
creased one  or  two  per  cent  for  a  given  alternating  current  voltage. 
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Under  average  conditions  of  full-load  operation,  the  standard 
types  of  converters  have  ratios  alteniafing-curretit  v^fltayt  -r- 
tfittct -current  voUayt^  approximately  as  given  below: 

TABLE  VII. 
Voltage  Ratios  of  Rotary  Converters. 


1  ercentage  pole  arc  :        percent.    i)ert-em.    percent,    pen-ent. 


oa(>-volt,       67  6S  62  6Lo     ' 

Three-phase,  ^  2oO-vt)lt,  I    67.5         (vi.o         h2.o  62 

68  ^vl.S         (W  62.5 

78  ,     7:^.",  '     72.0  72 

79  74  I     78  72.  o 


Two-pliHHe,    -  2oO-volt, 


125-volt, 
i  .>5(>-volt. 


/  12r)-volt,        79")         74.5     >     78.5         7H 


In  the  normal  o|)eration  of  the  rotary  converter — namely, 
when  furnishing  direct  current,  the  droj>  in  the  armature  reduces 
the  direct -current  voltage.  When  run  as  an  inverted  converter, 
7.r.,  when  delivering  alternating  current,  direct  current  lieing  fed 
to  the  hrushes,  the  drop  is  on  the  alternating  side;  consequentlv 
tlie  voltage  ratio  of  a  converter  is  lower  when  it  is  run  inverted. 

For  preliminary  calculations  where  tlie  data  of  operation  are 
not  known,  the  following  voltage  ratios  may  be  used  with  most 
standard  converters : 

For  two-phase,  74; 
For  three-i>hase,  ^W.h. 

In  operating  rotary  converters,  it  is  customary  to  make  allowance 
for  the  departure  of  the  actual  voltage  ratio  from  the  normal  ratio. 
The  amount  of  the  allowance  to  be  made  cannot  always  Ih'  j»re- 
determined;  but  any  ordinary  departure  from  the  theoretical  volt- 
age may  be  easily  com])ensated  for  by  using  transformers  provide<l 
with  taps  on  the  secondary  windings  which  will  permit  a  voltage 
change  of  about  5  per  cent. 

124.  Current  Relations  of  the  Rotary  Converter.  The  rotary 
converter,  as  ordinarily  used  to  convert  alternating  current  to 
direct  current,  behaves  as  a  sv^^'hronous  motor  in  so  far  as  it3 
intake  of  alternating  current  or  currents  is  concerned.  In  the 
case  of  the  synchronous  motor  with  a  given  belt  load,  the  intake 
of  alternating  current  varies  with  the  degree  of  field  excitatiou, 
the  intake  of  current  being  a  minimum  for  a  certain  tield  excita* 
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tion,  and  the  power  factor  nearly  unity  (see  article  74).  In  the 
case  of  the  rotary  converter,  also,  the  intake  of  alternatmg  current 
or  currents  is  a  ininiinuni,  and  its  power  factor  is  unity  for  a  cer- 
tain field  excitation,  the  direct -current  output  of  power  being 
given.  Under  these  conditions  there  is  a  definite  relation  In^tween 
the  direct -current  I  deliveriKl  by  the  converter,  and  the  effective 
value  of  the  alternating  current  flowing  in  at  each  collecting 
ring.     In  fact, 


I,  =^  1.414  I 
I3  -^  0.1)43  1 
I^  =  0.707  I 
I,  =  0.471  1 


y 


(44) 


in  which  Ig,  I3,  I^,  and  I^  are  the  effective  values  of  tlie  alternating 
current  entering  at  each  collector  ring  of  a  2-ring,  8-ring,  4-ring, 
or  f)-ring  converter,  respectively;  and  I  is  the  direct  current  deliv- 
ered by  the  converter.  These  equations  44  are  based  on  the 
assumption  that  the  converter  has  unity  power  factor  as  above 
pointed  out,  and  that  the  intake  of  power  is  equal  to  the  output  of 
power,  i,e.^  the  losses  of  power  in  the  machine  are  ignored. 

The  method  of  deriving  equations  44  will  be  sufiiciently  indi- 
cated by  deriving  the  first  two,  namely,  the  equations  for  I.^  and  I^. 

Der'tvation  of  the  Kquat'um  for  /,.  The  direct -current  out- 
put of  power  from  the  converter  is  EI,  E  being  the  electromotive 
force  between  the  direct-current  brushes,  and  I  being  the  direct 
current  delivered.  The  intake  of  power  is  E,I^  X  power  factor; 
but  since  the  power  factor  is  supposed  to  be  unity,  the  intake  of 
power  is  simply  EJ.^.    Therefore,  ignoring  losses  of  power,  we  have: 

E..I,  =  EI 

But       Ej  =  0.707  E,  by  the  first  of  equations  43,  so  that  E.I^  = 
0.707E  X  I,  =  EI. 

Hence  0.707  1,=  I; 

or,  I,  =  1.414  I. 

Derivation  of  the  Equation  f 07'  I^  The  direct-current  out- 
put of  power  is  EI,  and  the  intake  of  power  is  k^3  E3I3,  the  power 
factor  being  unity;  that  is,  tlie  power  delivered  by  three-phase 
supply  mains  is  equal  to  r'3  times  the  voltage  In^tween  mains 
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(<*)  Ihfuhh-C tint  lit  Gtm  i^iitor.  The  rotary  converter  may 
be  driven  by  belt,  and  used  to  deliver  both  direct  current  and  alter- 
nating current  from  commutator  and  collector  rings,  res{K»ctively. 
When  so  used,  the  machine  is  called  a  double-current  s^enerator. 

{d)  Regular  Rotary  Converter,  The  machine  may  be  driven 
as  a  synchronous  motor  taking  alternating  current  from  supply 
mains,  and  delivering,  not  mechanical  power,  but  electrical  power 
in  the  form  of  direct  current  from  its  commutator.  When  so  used, 
the  machine  is  called  a  rotary  converter.  This  is  the  most  fre- 
quent use  of  the  machine.  The  rotary  converter  does  not  require 
a  puUey. 

(^)  Inverted  Rotary  Converter.  The  machine  may  be 
driven  as  a  direct-current  motor  taking  current  from  direct- current 
supply  mains  through  its  commutator,  and  delivering,  not  mechan- 
ical power,  but  electrical  power  in  the  form  of  alternating  currents 
from  its  collector  rings.  When  so  used,  the  machine  is  called  an 
inverted  rotary  converter;  it  does  not  require  a  pulley. 

126,  ESehavior  of  the  Regular  Rotary  Converter.  When 
used  to  convert  alternating  current  to  direct  current,  the  rotary 
converter  is  a  synchronous  motor  in  so  far  as  its  relations  to  the 
alternating-current  supply  are  concerned;  and  the  machine  exhib- 
its all  of  the  peculiarities  of  the  synchronous  motor,  as  described 
in  article  74.  Thus,  with  under-excited  field  magnet,  the  rotary 
converter  takes  an  unduly  large  amount  of  alternating  current 
from  the  supply  mains  at  a  low  power  factor.  As  the  field  exci- 
tation  is  increased,  the  intake  of  alternating  current  decreases  (for 
given  output  of  direct-current  power),  and  the  power  factor  in- 
creases. For  a  certain  degree  of  field  excitation  the  power  factor 
is  nearly  unity,  and  the  alternating  current  or  currents  delivereil 
to  the  machine  are  in  phase  with  the  alternating  electromotive 
forces  between  the  supply  mains.  When  the  field  magnet  is  over- 
excited, the  alternating  currents  supplied  to  the  converter  are 
ahead  of  the  alternating  electromotive  forces  in  phase,  as  explained 
in  article  74,  and  the  power  factor  is  less  than  unity. 

The  rotary  converter  may  be  started  exactly  as  an  ordinary 
synchronous  motor,  as  described  in  article  71 ;  or  it  may  be  started 
by  supplying  direct  current  to  the  commutator  end  of  the  machine, 
and  storting  the  converter  as  a  shunt- wound  direct-current  motor, 


299 


286  ALTERNATING  CURRENT  MACHINERY 

the  alternating-current  main-switch  being  open.  This  method  is 
the  one  generally  used  where  direct  current  is  available  for  starting 
purposes.  In  some  cases  the  direct  current  is  obtained  from  an- 
other  converter  already  in  operation,  or  from  a  small  storage  bat- 
tery which  may  be  at  hand.  Sometimes  a  small  motor-generator 
set,  consisting  of  an  induction  motor  coupled  to  a  direct-current 
generator,  is  installed  to  supply  current  for  the  starting  of  one  or 
more  converters  in  a  station. 

In  the  case  of  the  latter  method  of  starting,  the  fields  should 
be  fully  excited  by  closing  the  field  switch  first,  and  there  should 
he  a  resistance  in  series  with  the  armature  when  the  motor  switch 
is  closed.  Failure  to  excite  the  field  may  cause  the  converter  to 
increase  its  speed  to  a  dangerous  extent,  just  as  in  the  case  of  a 
direct-current  shunt  motor  with  excessively  weak  field,  for  in  start- 
ing the  converter  from  the  dirt*ct -current  end,  it  is  not  rnnning  as 
a  synchronous  motor  but  as  a  simple  shunt  direct-current  motor. 

The  operation  of  starting  is  then  as  follows: 

(1)  8ee  that  the  alternating-current  main  switch  is  open. 

(2)  Close  the  field  nwiteh. 

(H)  Leave  the  starting  resistance  in  circuit  with  the  anuature,  and 
then  close  the  maiu  switch. 

(4)  When  uonual  speed  is  reached,  cut  out  the  starting  rheostat, 
and  varj'  the  field  strength  until  the  synchronizing  device  shows  that  the 
converter  is  in  synchronism  with  the  generator. 

(5)  Close  the  main  alternating-current  switch  whe'j  the  synchron- 
izing device  shows  that  the  rotary  converter  is  in  step  witli  the  alternat- 
ing-current supply. 

If  the  converter  is  furnisheii  with  a  shunt  winding  only,  adjust  the 
field  to  give  minimum  alternating-current  input. 

If  the  converter  has  a  series  winding  also,  the  shunt  field  should  be 
adjusted  to  give  at  no  load  the  direct-current  no-load  voltage  at  which  it 
is  rated. 

When  a  rotary  converter  is  started  as  a  direct -current  motor, 
it  is  easy  to  bring  the  machine  into  opieration  with  a  {>articular 
direct -current  brush  or  set  of  brushes  jKfs'ttlvff,  When,  however, 
the  machine  is  self-started  as  an  alternating-current  motor,  a  par- 
ticular direct-current  brush  or  set  of  brushes  may  be  j)Ositive  or 
negative  according  to  the  direction  of  the  last  pulse  of  alternating 
current  just  before  the  machine  jumps  into  synchronism.  There- 
fore, when  several  rotary  converters  are  to  supply  direct  current  to 
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common  busbars,  special  care  must  be  taken  to  aeie  that  the  polariit/ 
of  a  given  inKcbiae  is  correct  before  it  is  conuected  to  the  bus  bars. 
The  armature  of  a.  belted  dyuamo  or  motor  is  always  caused 
by  the  belt  to  shift  slowly  to  and  fru  endwise  in  its  bearings,  thus 
entirely  obviating  the  uneven  wearing  away  of  tbe  commutator  in 
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grooves  where  the  bniBln-H  rui).  The  rottiry  converter,  liowever, 
tends  to  run  without  cnil-play,  and  some  special  end-play  device 
is  necessary.  The  simpltiat  is  an  electromagnet  mounted  opjK)- 
site  to  the  end  of  ihe  rotary- con  verier  shaft.  This  electromagnet 
is  excited  about  ten  times  |)er  minute,  and  on  each  ueuasiun  gives 
an  endwise  pull  on  the  shaft,  causing  the  desired  endwise  move- 
ment of  the  latter.  A  mechanical  end-play  device  now  niiU'h  used 
.-onsists  of  a  steel  ball  which  plays  between  tbe  flat  end  of  the 
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^M  (b»  end  of  the  eltaft,  aiid  backed  by  a  epriog  that  allows  tht;  sa  ^^^ 

^m  jtlatv  to  yiflii  morv  or  lees  wbeo  the  shaft  Btrikes  it  in  ita  to-anc^^ 

^M  fn>  motion. 

H  Fi};.  2)>i.t  sbowa  a  300-kilowatt,  threu-pliase  (S-ringj  rotxr'^B' 

H  oonwrter  Wilt  by  llio  General  Elwtric  ('oiui>any.     It  lias  a  (j-jhC   ■— 


ei"ht  single  brushes.  Its  rateil  sjMwd  is  501)  revoliitionfl  fttT 
iniiiute,  which  with  a  six-pole  fjfld.  gives  a  frequeuoy  of  3.j  'lycles 
per  Bwoiid.  The  three  oollector  rings  are  iiioiiuted  on  the  arma- 
ture abaft  oil  thf  enil  iip|H>fiite  to  tlie  coin  imitator.  It  ran  W  seen 
fi-oin  the  tigiire  that  the  commutator  is  larger  in  comparison  with 
the  size  of  the  machine  than  is  usual  in  an  ordinary  direet-curretit 
generator.     Each  collector  ring  has  three  brushes  bearing  upon  it 


]  onl«rr  to  |aTniit  of  ibr  drlivrfr  to  ibr  RurfciiM-  of  tbr  tvnr  1*1^ 
altfmatinf;  rnmmt«  from  ibc  EOpfily  nnioe.  TW  ni*-  of  thrv«- 
ttrusbt^  on  nwb  cullvctor  Hnu  is  jin-firrxliW'  tu  tin*  use  of  mte  ItnakJ 
bni^ib.  inaeiuDrb  w  it  i^  ilrsiralik-  tu  uuke  tb*?  nn>r«  Harntw  to  savi* 
Bpace.  Tliis  macbinv  i^  ntrd  at  ^t  rolls  liHvrrn  its  dirM-i-mr- 
rent  brashes,  bo  that  the  fail-laid  direct -current  oiitpni  is  30II,U)0 
vatt9  divided  liy  550  ro]t&,  or  54»i  atnpcm^.  Tbervfot*'.  on  tbp 
assutuptiou  of  unit}-  power  fsctor  and  ll»0  jier  cvnt  efficicm-j,  a^ 
explftiaMl  in  article  124.  the  alta^roatin^  carrviil  ent^rin^  at  Mirb 
collector  ring  a  54*>  aiupervs  X  0.943  =  515  ainpen^  effeotivr; 


and  the  effectivt  voltage  between  collfutor  rinpa  is  550  volts 
X  0.612*  =  330  volts.  The  alternatinp.ciirrent  |iowfr  snppliiHi 
to  the  machine  ia: 

I  3  X  33fi  volts  X  515  amperes  =  300,(KHI  WHtts. 
Fig.  270  shows  a  600-kilowatt  tbree-phaee  rotary  converter 
nianufactured  by  the  Westinghouse  Company.  It  is  providi-d  with 
an  induction  motor  for  sejiarate  starting,  as  desi-rilwd  in  article  71. 
Tlie  armature  of  the  rotary  converter  and  the  "squirrel-cagH" 
rotor  uf  the  induction  motor  are  shown  in  Fig,  271.     Tht'  Hold  of 
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tb«  nitarjr  corivert*T  has  18  poles,  and  the  speed  of  tLe  niadiine  ii 
4(K)  revohitions  per  miiiiite,  lliiis  giving  a  fn-queiit-y  of  W  i-jdea^^^* 
per  flfcond  |7.2llO  HlttrimlioriH  jter  iiiiDiiti').  In  Fig.  -ill  [b»«j 
radial  t-oniiecting  wirea  from  tliB  armature  wiiidinjf  to  tlie  collwto  «:» : 
rings  are  vJElbtu  at  lli«  end  of  tlie  armature  next  to  the  eollec.to«:i»^ 
rings.     Tliere  are  27  of  tlieee  connectors,  eaeh  ring  lieing  conDect<>«^^^:; 

to  9(=  -^  )  eqnidistanl  points  of  the  nrnmlnre  winding. 


b'ig.  272. 

Fig.  272  ebows  u  tiiree-pliase  rotary  converter  iiiHoufHutnri 
by  the  General  Electric  Conijiany.  The  characteristic  featu: 
which  distiugiiish  the  rotary  converter  from  the  direct-uurre 
generator  are  liere  especially  prominent — namely,  the  large  coi 
mutator  and  great  brush  contact  Hrca,  the  comparatively  large  cc 
lector  rings,  and  the  relatively  smail  magnetic  system. 

137.  Hunting  of  the  Rotary  Converter.  A  rotary  convert-^^' 
(regular),  being  a  eynchronous  motor  in  relation  to  its  altematitB  ^3 
carrent  supply,  has  a  tendency  to  hunt,  as  explained  in  arti«^^  ■'*' 
72.  A  rotai-y  converter,  however,  having  no  pulley  and  not  bei  »=*e 
mechanically  connected  to  machinery,  ia  mnch  more  sensitive  *" 
responding  to  the  pnleations  of  an  engine  or  toolhercansea  of  ha 
ing  than  is  a  synchronous  motor  delivering  mechanical  power 
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The  hnDting  oeoillations  of  a  sYDchronons  motor  are  always 
dne  to  external  disturbances,  that  b,  to  disturbances  oricrinating 
outside  of  the  alternating-current  generator,  the  line,  and  the  syn- 
chronous  motor. 

A  sudden  change  of  load  on  the  synchronous  motor,  for  ex- 
ample, is  followed  by  a  series  of  oscillations.  Whether  or  not  the 
oacillations  due  to  a  certain  change  of  load  give  rise  to  trouble, 
depends  largely  upon  the  resistance  and  reactance  of  the  transmis- 
sion line,  and  upon  the  fre<]uency.  The  greater  the  resistance 
and  reactance  of  the  transmission  line,  the  greater  the  trouble 
from  hunting;  and  at  high  frequencies  the  trouble  from  hunting 
is  much  greater  than  at  low  frequencies.  Tlius  a  25.cycle  rotary 
converter  gives  no  serious  trouble  from  hunting  if  the  line  resist- 
ance and  reactance  are  not  excessively  high,  whereas  a  00-cycle 
rotary  converter  is  more  likely  to  give  trouble  unless  special  pro- 
vision is  made  to  diminish  hunting  as  explained  below. 

A  periodic  variation  in  the  speed  of  the  engine  driving  the 
alternator  from  which  a  rotary  is  supplied  with  alternating  current, 
produces  very  troublesome  hunting  when  this  variation  of  s|)eed  is 
in  rhythm  with  the  hunting  oscillations.  Tliis  class  of  hunting  is 
obviated  by  increasing  the  fly-wheel  capacity  of  the  engine,  or  by 
changing  the  resistance  or  reactance  of  the  transmission  lines.  The 
latter  method  changes  the  rhythm  of  the  hunting  oscillations  and 
thereby  does  away  with  the  coincidence  of  rhythm,  which  is  the  chief 
cause  of  excessive  hunting  oscillations  due  to  engine  {)ulsatious. 

The  hunting  oscillations,  once  started,  usually  reach  their 
maximum  under  given  conditions  in  a  few  minutes'  time,  so  that 
serious  trouble  due  to  hunting,  such  as  the  dropping  out  of  step  of 
the  rotary,  or  excessive  s[>arking  at  the  commutator,  usually  occurs 
soon  after  the  hunting  l)egins. 

Ilunting  is  more  troublesome  when  the  field  of  the  rotary  con- 
verter is  over-excited  so  as  to  take  leading  currents,  than  when  the 
excitation  is  such  as  to  give  either  unity  power  factor  or  lagging 
currents. 

The  amount  of  hunting  or  pulsation  of  a  rotary  converter  is 
approximately  the  same  at  all  loads,  from  no-load  to  over-load. 

Hunting  is  more  troublesome  when  several  rotaries  are  sup- 
plied from  an  alternating-current  generator,  than  when  a  single 
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rotary  t-on  verier  \a  supplied,  iialess  tlier©  are  Bbort  lengths  of  alter- 
nating-current mains  Iwtweeii  them,  or  onlesB  the  cOQverters  sap- 
ply  direct  carreiit  in  parallel  to  the  same  direct-current  msins. 

Hunting,  whether  dne  to  engine  pulsations,  or  to  momentary 
outside  disturbance,  such  as  sudden  change  of  load  or  niomentarv 
short  circuit,  is  greatly  reduced  liy  the  use  of  massive  copper 
hridges  or  frames  extending  partly  over  the  pole  faces,  as  shown  in 


FiR.  2r<t. 
Figs.  151  and  177.  A  more  effective  arrangement  is  shown  in 
Fig.  273.  A  number  of  holes  or  channels  are  provided  in  each 
pole  tip.  Ill  these  holes  or  channels  heavy  copper  conductors  A 
and  B  luv  placed,  a»J  these  conductors  are  short-circuited  by  being 
connected  at  the  ends  by  the  bars  0  0.  These  copper  frames 
diminish  hunting  oscillations  by  ineans  of  the  following  action: 

Wtieu  a  machine  isliuiitiuK,  the  magnetic  flux  from  pole-face  toamia- 
tiire  cure  is  sliirted  furwards  and  backwards  over  the  pole-Aice,  and  this 
HliiftiiiK  flux  induces  electromotive  furceu  lu  tUe copper  frames,  tbeee  elec- 
tromotive forces  produce  currents  wlilcli  oppose  the  ahiftlug  of  the  flux, 
and  thereby  oppose  the  huntiug  oscillatious. 

A  rotary  converter  having  solid  caststeel  pole  pieces  has  little 
or  no  tendency  to  liunt.  The  action  of  the  solid  poles  is  the  saute 
as  the  action  of  tbo  massive  copjter  conductors  shown  in  Fig.  2~'S. 
The  use  of  solid  (Ktles,  however,  leads  to  excessive  eddy-current 
losses;  hence  K<ilid  jiolcs  are  not  conEidere<l  desirable. 

128.  Inverted  Rotaries.  When  a  rotary  converter  is  used  to 
convert  a  direct  current  into  an  alternating  current,  taking  direct 
current  in  at  the  commutator  and  delivering  alternating  current 
at  the  collector  rings,  it  is  called  an  inverted  rotary  converter. 
While  the  rotary  converter  is  generally  used  to  convert  alternating 
eurivnt  into  direct  current,  itsomt^times  happens  that  inverted  con- 
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verters  are  desirable.  For  example,  in  a  low-tension  direct-eiirrent 
system,  a  district  remote  from  the  central  station  may  be  supplied 
with  current  by  converting  direct  current  to  alternating  current  at 
the  station  (by  means  of  inverted  rotaries);  then,  by  step-up  trans- 
formers, raising  the  voltage  to  a  high  value,  and  transmitting  it  as 
high-tension  alternating  current;  and  finally,  at  the  distant  point, 
reconverting  it  (using  step-down  transformers)  to  direct  current. 
Again,  in  a  station  containing  direct-current  generators  for  short- 
distance  supply,  and  alternators  for  long-distance  supply,  the  con- 
verter may  be  used  as  the  connecting  link  to  shift  the  load  from 
the  direct  to  the  alternating  generators,  or  conversely.  The  ma- 
chine which  is  used  for  shifting  the  load  in  this  way  is  caused  to 
operate  as  a  regular  rotary  or  as  an  inverted  rotary  according  to 
the  demand  for  direct  current  or  alternating  current. 

The  behavior  of  an  inverted  rotary  converter  is  different  in 
many  respects  from  the  performance  of  the  same  machine  when 
used  as  a  regular  rotary  converter.  When  converting  from  alter- 
nating current  to  direct  current,  the  speed  o£  the  converter  is 
rigidly  fixed  by  the  frequency  of  the  alternating  current  supplied 
to  it,  and  cannot  be  varied  by  altering  its  field  excitation;  this 
would  merely  change  the  phase  difference  between  the  alternating 
electromotive  force  and  current  supplied  to  the  machine,  and  hence 
the  power  factor,  as  in  the  case  of  the  synchronous  motor.  When 
converting  from  direct  current  to  alternating  current,  however,  the 
8j)eed  of  the  converter,  as  in  a  direct-current  motor,  will  be  pro- 
portional to  the  applied  direct-current  voltage,  and  will  also  depend 
upon  the  field  excitation.  The  effect  of  weakening  the  field  is  to  in- 
crease the  speed,  and  the  effect  of  strengthening  the  field  is  to 
decrease  the  speed.  It  is  evident,  therefore,  that  there  should  l)e 
little  or  no  series  field  winding  provided  on  an  inverted  rotary  con- 
verter, as  it  will  change  in  speed  under  load  and  dtOiver  alternat- 
ing currents  at  a  variable  frequency.  If  the  fit^Id  becomes  greatly 
weakened,  an  inverted  rotary  converter  may  reach  a  dangerously 
high  speed  before  the  attendant  has  time  to  prevent  it,  and  the 
armature  of  the  machine  may  be  torn  to  pieces  by  the  excessively 
large  centrifugal  forces. 

Changing  the  field  excitation  of  an  inverted  rotary  converter 
will  not  change  the  voltage  of  the  alternating  current,  because  the 
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ratio  of  transforination  in  a  given  converter  is  fixed;  chancriugthe 
field  strenjrth  merely  causes  a  clian^  in  the  sj)ee<l  of  the  rotary. 

The  voltage  of  the  alternating  current  may  by  chaugtKii)) 
changing  the  voltage  of  the  applied  direct  current,  or  it  may  be 
varied  by  using  alternating-current-j)otential  regulators  as  de- 
scribeil  later. 

An    inverted  rotary  being  an  alternating-current  generator, 
the  field  strength  depends  \i\yon  the  intensity  and  phase  relation  o^ 
the  alternating  current;  thus  a  lagging  current  reduces  the  field 
strength,  and  hence  increases  the  speed  and  frequency;  whereas  ^ 
leading  current  increases  the  field  strength,  and  thus  decreases  th^ 
s[)eed  and  frequency.     Again,  if  the  alternating-current  side  of  an 
inverted  rotary  converter  delivers  large  lagging  currents  to  induc- 
tive receiving  circuits,  the  demagnetizing  action  of  the  lagging 
currents  on  the  field  may  result  in  a  dangerously  high  speed.     In 
oj)erating  inverted  rotary  converters,   therefore,  especially  when 
they  are  liable  to  be  overloaded  on  the  alternating-current  side,  as 
in  the  starting  of  synchronous  or  induction  motors  supplied  from 
the  inverted  rotary,  great  care  should  be  taken  to  see  that  the  field 
tvxc'itation   is   always  great  enough    to   prevent  excessive   speeds. 
When  used  for  the  above  purpose,  special  s{)eed-limiting  devices 
should  be  used. 

A  method   used    by  the  Westinghouse   Company  to    prevent 

this  tendency  of  tlie  inverted  rotary  converter  to  race,  is  as  follows: 

t.  * 

Tlie  converter  is  separately  excited  by  a  small  direct-current  gener- 
ator nieolianically  connected  to,  and  driven  by,  it.  Thelspeeil  of  the  ex- 
citer will  therefore  change  with  every  change  in  the  speed  of  the  inverte^l 
rotary.  The  magnetic  circuit  (magnet  cores,  yoke,  etc.,)  and  magnet  coils 
of*  the  exciter  are  so  designe<l  that  its  armature  can  generate  normal  volt- 
age when  the  machine  is  l)eing  worked  at  a  point  considerably  below  the 
"  knee  "  of  the  saturation  curve.  Any  increase  in  the  speed  of  the  exciter 
will  therefore  cause  a  great  increase  in  its  voltage.  If  then  the  si>eed  of 
the  inverted  rotary  converter  increases,  the  voltage  of  the  exciter  imme- 
diately increases  and  strengthens  the  field  of  the  converter,  thus  checking 
its  tendency  to  race. 

The  same  result  is  attained  by  the  General  Electric  Comi>any, 

but  in  a  different  manner,  as  follows: 

A  kind  of  centrifugal  governor  is  attached  to  the  shaft  of  the  in- 
verted rotary  and  revolves  with  it.  If  the  speed  of  the  rotary  converter 
increases  above  a  certain  value,  the  governor  acts,  and  closes  an  electric 
circuit  which  automatically  throws  off  the  power  supplied  to  the  rotary. 
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Fi^.  27-(  shows  a  73-kitow8tt  Weetiiigliousu  roUry  eonvttrt«r 
i  nlended  to  W  iipt-ratwl  as  an  invertwi  rolarj'.  It  ia  jtmvulcd  with 
iK  siiihII  fill II II I- won lul  ilirt-cl-cunvnt  exciu-r,  wbo6i>  KrinHliire  ia 
luoiiiiU'd  on  till-  rniiiji  tTilmrt  of  tin-  ciiii verier,  wliile  ita  field  iimi;iiHt 


I  ^»iiie  is  Inttu^i   to  an   exU 
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liLg  of   the  < 
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ter,  R8  shown   in   thti   figure. 
Icoiiverter  toiiip^  ia  checked  l»y  the 
J.BXciter  as  expinined  ahove. 
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129.  Control  of  Direct-Current  Voltage  of  a  Rotary  Con- 
verter. The  relations  l)etween  the  alternating-CMirrent  voltages 
8U[)|)lii*il  to  a  rotary  converter  and  the  direct-current  voltage  of  the 
machine,  as  explained  in  article  122,  and  as  expressed  in  equations 
43,  apply  to  the  case  in  which  the  field  excitation  of  the  rotary 
converter  is  snch  that  the  alternating  currents  delivered  to  the 
machine  are  in  phase  with  the  applied  alternating-current  voltages; 
that  is,  these  relations  apply  to  the  case  in  which  the  power  factor 
of  the  machine  is  unity.  The  direct- current  voltage  of  a  rotary 
converter  may  be  slightly  greater  or  less  than  the  ideal  value  given 
in  equations  43,  as  explained  in  article  123. 

Control  of  the  direct -current  voltage  of  a  rotary  converter 
may  be  accomplished  through  a  considerable  range  by  varying  the 
values  of  the  supplied  alternating-current  voltage  by  means  of 
voltage  regulators  (treated  later),  or  by  providing  a  series  of  taps 
on  the  secondaries  of  the  step-down  transformers  that  supply  alter, 
natiiig  current  to  the  rotary  converter  so  that  the  number  of  sec- 
ondary  turns  in  these  transformers,  and  therefore  the  value  of  the 
secondary  voltaixe,  may  be  varied  at  will. 

Another  method  of  direct-current  voltaofe  control  is  as  follows: 

As  ])ointed  out  in  article  74,  the  field  excitation  of  a  *///<- 
chiunioHs  inofar  may  be  varied  through  quite  a  range  above  or  be- 
low that  corresponding  to  unity  power  factor,  the  machine  taking 
leading  currents  when  its  Held  is  over-excited,  and  lagging  cur- 
rents  when  its  field  is  under-exeited.  This  is  especially  the  case 
when  the  synchronous  motor  has  considerable  armature  induct- 
ance,  and  when  the  transmission  line  also  has  considerable  in- 
ductance. This  remark  applies  to  the  rotary  converter  also;  and, 
n'lnn  tht  triiiisiii'iss'Kni  Ihte  has  coifshlcrahli'  reactance^  the  alter- 
nating-current voltages  between  the  collector  rings  of  a  rotary  con- 
verter and  the  direct-current  voltacje  between  its  direct-current 
brushes,  vary  with  the  field  excitation  of  the  converter. 

Where  there  is  both  inductance  and  resistance  drop  in  the 
feeders,  and  a  considerable  variation  in  the  alternating  voltage 
supply,  the  converter,  if  ])rovided  with  series  field  winding,  c*an 
be  made  to  regulate  automatically  for  constant  direct -current  volt- 
age within  reasonable  limits,  as  explained  below. 
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As  the  ratio  of  the  mlternating  to  the  diivot-onrrvnt  vohiiiie  of 
s  converter  is  iMfarly  cunsianl,  the  iinprv-ssni  alifrnaniii;  voltage 
most  be  varied  in  order  to  varv  the  dirvet-oiirrent  vuliai^*.     Thiii 
can    be  done  by  taking  advanta^  of  the  fnot  that  an  alternating 
crnrrent  passing  over  an  inductive  eireiiit  will  dtvivase  in  voltage 
if  lAg[gi'igiQ  jihase  behind  its  eWtrouiotive  forve,  and  will  increase* 
in  voltage  if  leading.    Just  as  in  the  ca>e  of  a  svnohn.»nous  nioti»r,  a 
certain  field  excitation  in  any  ctmvtTter  will  i^ivea  nnniniuin  anna- 
tiire  current.     If  the  excitation  lie  decreast^l,  the  arniatUR*  current 
vrill   be  increased  but  will  lie  lagging.     By  i>n>viding,  thert»fon\ 
sufficient  reactance  in  the  alternating-current  circuit  connivtim^  a 
converter  with  its  source  of  ]K)wer.  the  alternating  cumMit  voltaiv 
at  the  converter  tenninals  may  lie  varieil  by  means  of  the  tield  exci- 
tation  of  the  converter,  and  without  altering  the  generator  voItat»\». 
"When  it  is  desired  to  control  the  dirivt -current  voltaiv  of  a 
rotary  converter  independently  of  the  voltage  of  the  alternatinij. 
current  generator  that  supplies  the  alternatini^  currents,  the  tnuis- 
mission  line  is  frequently  given  an  artificial  reactance  by  connect- 
ing inductance(reactanceu*oil3  in  series  with  the  alternating-current 
supply  mains.     Tints  the  alternating  currents  deli  verted  to  the  con- 
verter  are  caused  to  flow  through  these  reactance  coils.     When, 
therefore,  a  rotary  converter  has  a  coinjK)uud  tield  winding  (series 
and  shunt),  as  descrilKnl  Wow,  the  use  of  reactance  ct)ils  in  the 
supply  mains  is  necessary  if  the  transmission  lines  do  not  of  them- 
selves have  sutticient  reactance. 

130.  Field  Excitation  of  Rotary  Converters.  \  arious  meth- 
ods are  employed  for  exciting  the  tield  magnet  of  rotary  convert- 
era,  as  follows : 

(a)  Field  Kjccttntum  Inj  AnmftKn  lititrflnn.  When  an 
alternating-current  generator  delivers  leading  current  to  a  receiv- 
ing circuit,  the  magnetizing  action  of  the  armature  currents  tends 
to  strengthen  the  field  magnet  {>ole8,  as  explained  in  article  48.  If 
an  alternating-current  generator  were  always  useil  to  deliver  lead- 
\\\cr  currents,  it  would  1h^  |K)88il)le  to  de[)cnd  upon  the  nuigneti/.ing 
action  of  the  armature  currents  entirely  for  exciting  the  field  mag- 
net,  without  using  any  direct  current  whatever  in  the  field  wind- 
ings; in  fact,  the  field  windings  could  be  dispensed  with  ultogether. 
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When  a  synchronons  motor  (or  rotary  converter)  takes  lagging 
I'urrents  from  alternatincr-current  supply  mains,  the  magnetizing 
action  of  these  currents  in  the  motor  armature  is  to  strengthen  the 
Held  magnetism  of  the  motor  (or  rotary  converter).  This  action 
alone  may  be  utilized  for  exciting  the  field  magnet  of  a  synchronous 
motor  (or  rotary  converter),  and  rotary  converters  have  been  designed 
and  commercially  oj)erated  with  this  mode  of  field  excitation. 

(/>)  SrIf.r,rcltfft!oH  (if  the  Flt'ld  <tf  Jiotarij  Convertvrs  hij 
Dlrt'ct-Cfimitt  Taken  fnnn  the  Coin  mutator  of  the  Marhhir, 
The  usual  method  of  exciting  the  field  of  a  rotary  converter  is  by 
means  of  direct  current  taken  from  the  commutator  of  the  machine 
itself.  There  are  three  schemes  for  carrying  out  this  method  of 
field  excitation,  exactly  as  in  the  case  of  ordinary  direct -current 
generators,  as  follows: 

1.  Sci'leK'i  K,eritatlon,  This  scheme,  in  which  the  entire 
direct -current  output  flows  through  the  field  winding  (coarse  wire), 
gives  a  field  excitation  which  is  zero  when  the  direct -current  out- 
put is  zero,  and  which  rises  to  full  rated  excitation  when  full -load 
output  of  direct  current  is  reached.  This  scheme  of  field  excitation 
is  not  suitable  for  rotarv  converters,  iiiasmucb  as  a  rotary  converter 
should  bavr  an  a|)|)r().\iniately  constant  Held  excitation,  or  a  field  ex- 
citation whieli  clianges  tliroiigb  a  coni|)aratively  narrow  range  only. 

2.  Shnnf  h.n'ittft'tnn.      In  this  scheme  the  field   windincr  is 

made  of  c()ni|)arativfly  fine  wire.      Its  resistance,  therefore,  is  com- 

naratively  liijzb,  and   it  is  connected   directly  between   the  direct- 
I  •        ~  • 

current   brushes   with   an   adjustable  field   rheostat   in   its  circuit, 

exactly   as    in    the  onlinarv   sliunt-wouFul   direct-current   dynamo. 
•  •  • 

This  scheme  gives  an  approximately  constant  field  excitation,  and 
it  is  much  used  in  rotary  converters.  The  variation  of  field  exci- 
tat  ion  for  the  purpose  of  controlling  the  |)Ower  factor  of  the  con- 
verter is  accomplished  by  means  of  the  adjustable  field  rheostat. 
'i\.  CtnHjKnind  h.ivittffl'ni.  The  combination  of  series  and 
shunt  excitation  is  fre(piently  used  in  rotary  converters  so  as  to 
])rovide  for  slightly  increasing  field  excitation  (by  means  of  the 
series  winding)  with  increasing  direct-current  output.  This  scheme 
of  field  excitation  is,  howeviM',  more  limited  when  appliini  to  a 
rotary  converter  than  when  applitnl  to  an  ordinary  dirt»ct -current 
dynamo,  for  the  reason  that  too  great  an  increase  of  field  excitation 
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n  a  rotary  converter  (as  in  the  case  of  a  synchronous  motor)  causes 
lie  converter  to  fall  out  of  synchronism  and  stop,  or  "  break  down," 
8  it  is  termed. 

Com  pound -wound  rotary  converters  are  ustnl  to  advantatre  for 

supplying  current  which  is  constantly  fluctuatinff  (and  where  the 

generators  supplying  the  converters  do  not  greatly  exceed  the  lat- 

"ter  in  kilowatt  capacity)  as  in  railway  service,  and  in  cases  where 

it  is  necessary  to  maintain  constant  or  increasing  voltage  with  in- 

^•reasing  load.     More  or  less  prominence  can  be  given  to  shunt  or 

series  windings  as  may  l)e  required. 

The  regulation  is  made  automatic  by  a  series  field  winding  on 
the  cx>nverter,  but  the  inductance  of  the  transmission  lines  and  gen- 
erator must  frequently  be  increased  by  introducing  reactive  coils. 

The  amount  of  raising  ('-^  boosting")  or  lowering  of  the  volt- 
afre  is  proportional  to  the  reactance  in  circuit,  for  a  given  series 
field.  Considering,  however,  that  the  maximum  output  of  the  con- 
verter and  its  stability  are  alfected  by  too  much  reactance,  the  in- 
troduction of  reactance  should  not  be  carried  too  far. 

In  comjx)und-wound  converters  the  shunt  excitation  is  gen- 
erally adjusted  to  give  a  lagging  current  of  from  20%  to  S{)%  of 
full  load  current  at  no  load  by  under-excitation,  and  the  series  field 
is  adjusted  to  give  a  slightly  leading  current  at  full  load.  This 
arrangement  lowers  the  impressed  voltage  at  the  converter  at  no 
load  and  raises  it  at  fuU-load  enough  (with  constant  voltage  at  the 
generator)  to  compensate  for  all  the  losses  of  voltage  in  the  sys- 
tem, thus  making  possible  the  delivery  of  a  constant  direct -current 
voltage  at  all  loads. 

It  has  been  found  in  practice  that  the  compound  winding  dis- 
tinctly diminishes  the  stability  of  running  when  the  tendency  to 
hunt  is  present  to  any  extent.  The  series  winding  should  be  cut 
out  when  starting  up  from  the  direct-current  side.  This  is  con- 
veniently accomplished  by  a  double-throw  switch  which  in  one 
position  connects  the  junction  of  the  series  winding  and  the  nega- 
tive brushes  to  the  starting  rheostat,  and  in  the  other  position  con- 
nects this  junction  with  the  equalizing  bar. 

4.  Separate  Jio'citation.  The  use  of  a  small  auxiliary  direct- 
current  dynamo  to  supply  direct  current  for  exciting  the  field  of  a 
rotary  converter  has  been  mentioned  in  Art.  128,  where  it  was 
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U-jithtT  Y-  or  A-C'Oiin(fti'd  to  tlm  liijili  vi>l(aifi'  Hiipjiiv  iiiiiiiiH.  Tlu" 
fcliref  s«.'coiidHrieB,  ",  h,  nrul  *'  itiv  Y-coiiuwtfd  to  llic  cdlliH-titr  riiijrH, 
— ■'.  /'.  /",  of  tile  rotary  converter.  Tlic  two  oiitsidi^  iliiet't-ciirrciit 
fctiaiiiR,  1  and  3,  are  connected  to  t)it>  dirvct-ciirrcnt  ImisIicH  of  the 
:::3]iiverter  ae  aliown,  and  the  middle  iMiiin  (neutral  tjiain)  2,  itt  c^n- 
Hiected  to  the  oomition  jiiiietion,  N,  ur  neutral  fiohit.  of  the  Y- 
K:»nnected  secondaries,  <u  l>,  ^nd  ''.  AVith  tliefte  connections,  the 
"Voltage  Iwtween  niaine  1  and  2  is  a  Bteady  dircct-ciirrent  voltaire,  as 
^8  also  the  voltage  between  ntains  2  and  it,  and  each  of  tliese  voIta>;ert 
5se<jnal  to  half  the  voltage  l>etween  inainit  1  and  it.  AVlicn  the  nnni- 
~ber  of  lamps  oonnected  Wt ween  mains  I  and  2  m  different  fn>i]i  the 
Tinmber  connected  between  mains  2  ami  'A,  or  rim  /••■f'«i,  the  neu- 
tral main  must  carry  a  direct  current  etjiial  to  the  difference  of  the 
direct  cnrreots  in  the  mains  1  and  -i.     litis  direct  current  in  the 


neutral  maiD  2  is  actually  8np[)lifd  through  the  Bccwinhiry  coils  ",  h. 
and  e  from  the  collector  rings. 

Fig.  276  shows  au  ordinary  direct-current  generator  G,  Bup- 
plying  current  to  the  outside  mains  1  and  3,  of  an  Kdison  three- 
wire  Byfltfim,  and  a  two-phase  rotary  converter  li,  eoniu'cted  as  a 
"balancer"  to  supply  tlie  necessary  direct  current  to  tiie  middle 
main  3,  The  armature  only  of  the  rotary  converter  is  sliown  in 
the  figure,  its  direct-eurrent  hrushes  lH;ing  connected  to  the  outside 
mains  1  and  3.  One  pair  of-0p|«)site  collector  riugH  of  ihe  con- 
verter B  is  connected  to  an  inductance  coil  n-  n,  wound  on  an  iron 
core,  and  the  other  pair  is  connected  to  an  inductance  coil, /■/-,  The 
middle  point  of  these  two  inductance  coils  are  connected  l{)getlier, 
and  to  the  middle  or  neutral  iriain  2,  of  the  three- wire  Hystetn. 
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133.  The  5ix-Phase  Converter.  The  large  rating  of  a  six- 
phase  converter,  as  shown  in  the  table  given  in  article  110,  together 
with  other  advantages  enumerated  below,  make  this  machine  the 
standard  converter,  especially  for  large  substations.  The  ad  van- 
tages  of  the  six-phase  converter  are  as  follows: 

(a)  The  high  rating,  namely,  1.92  times  the  rating  of  the  same  ma- 
chine as  a  direct-current  generator,  or  1.45  times  the  rating  of  the  same 
machine  as  a  three-phase  converter,  means  that  the  machine  may  be 
smaller  and  therefore  cheaper  for  a  given  output.  The  high  rating  of  the 
six-phase  converter  is  due  to  the  fact  that  its  armature  winding  is  tapped 
at  six  points  (for  a  two-pole  machine) ,  and  that  alternating  currents  enter 
the  armature  winding  at  six  points,  so  that  the  length  and  resistance  of 
the  paths  from  collector  rings  to  commutator  are  less,  and  the  heating  of 
the  armature  windings  is  less  than  it  is  in  a  three-phase  converter,  for 
example,  for  the  same  direct-current  output, 

(b)  The  six-phase  converter  runs  more  stably  than  a  converter  hav- 
ing a  smaller  number  of  collector  rings,  and  has  less  tendency  to  hunt. 

(c)  The  magnetizing  actions  of  the  alternating  and  direct  currents 
in  the  armature  are  more  nearly  balanced  in  the  six-phase  converter  than 
in  a  converter  having  a  fewer  number  of  collector  rings,  and  commutation 
is  freer  from  sparking  and  flashing. 
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*33-  Transformer  Connections  for  Rotary  Converters.  Figs. 
277  to  284  show  the  connections  which  are  commonly  employed 
between  transformers  and  rotary  converters.  The  circular  spiral 
winding  at  the  bottom  of  each  figure  represents  the  armature 
winding  of  a  bipolar  converter,  the  collector  rings  being  omitted 
to  avoid  confusing  the  diagram.     Figs.  277,  279,  281,  and 


«%'%  o 


ALTERNATING  CURRENT  MACHINERY 


303 


show   the  two-phase  and  three-phase  connections,   while  figures 
278,  280,  282,  and  284  are  for  six-phase  connection. 

Each  pair  of  figures,  277  and  278,  279  and  280,  281  and  282, 
283  and  284  are  closely  related.  Thus  in  Figs.  277  and  278,  the 
two  terminals  of  each  transformer  secondary  coil  are  joined  to  the 
armature  winding  of  the  converter  at  points  180'"  a])art.  Such 
connection  is  called  the  diametrical  connection.  The  diametrical 
connection  is  possible  when  the  rotary  has  an  evnh  number  of 
rings.  In  any  diametrical  connection  of  the  secondaries  of  the 
step-down  transformers  (one  transformer  for  a  two-ring  converter, 
two  transformers  for  a  four- ring  converter,  and  three  transformers 
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ThroQ  "^asQ  A  Connec  tion  Stx^Phase  OouS/e  A  Connie  t/on 

Fig.   ti79.  Fi^r.   280. 

for  a  six-ring  converter],  the  voltage  in  each  secondary  coil  is  the 
same  in  value,  no  matter  how  many  rings  the  converter  may  have. 

The  diametrical  connection  of  the  transformer  secondaries  to 
the  converter  rings  is  simpler  than  the  connections  shown  in  Figs. 
280,  282,  and  2S4,  inasmuch  as  the  diametrical  connection  re(jnires 
only  one  secondary  coil  on  each  of  the  ste])-down  transfornnMs,  and 
therefore  but  two  secondary  leads  are  brought  out  from  eaeli  trans- 
former; whereas  the  connections  shown  in  Figs.  280,  282,  and 
284  require  two  secondaries  on  each  transformer,  and  therefon* 
four  secondary  leads  from  each  transformer.  The  switching 
arrangements  for  the  diametrical  connection  are  therefore  simpler 
than  they  are  for  the  connections  shown  in  Figs.  280,  282,  and  284. 

F'ig.  279  show:,  three  step-down  transformers  receiving  three- 
phase  currents,  and  delivering  three-phase  currents  to  a  rotary 
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•converter,  dit*  i*^?t)Qiiaries  Winir  comiected  to  the  collector  riiifrs. 
Fill-  2>?1  -h«)W3  tile  ?aiue  ^i^raIl|J^^ment  except  th^t  the  secondaries 
ant  Y-**t>niiei!tr-ii  to  the  et)LIe<!tor  rin^xs.  Fi^r.  2s3  shows  a  Scott* 
tranafomier  ref!eiviii4T  carrents  fn>ni  two- phase  supply  mains  and 
ileliveriatT  thrpt--pha«*-  cumfnts  to  a  three-rin^  converter.  This 
S^ott  tranHfomier  arraniP-nient  is  often  callt^  the  T-connt*ctioii, 
an«i  it  may  he  a4iapteii  witii  sli^^ht  mo^litication  to  three-phase  sup- 
ply, that  i.^,  to  transforui  three-phase  alternating  currents  into  two- 
phai^  altrmatinii  currents. 

For  thri-e-phji.'re  notary  i!onv»*rters,    the   transformers    should 
pref«:*rahly  hie  ci>nnect«^i  in  A,  as  this  [»ermit3  the  system  to  lx*or)er- 
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Three-^^^^  V  ConnQction 


SiX'Rha^^  Ooub/eVConnQctton 
Fig.   282. 


Fig.   281. 

.  t  (1  witli  oiilv  two  traiisforiiu-rs,  in  ea.'^t*  the  third  has  to  he  cut  out 
of  th«^  circuit  tcinj)onirily  for  rcjmirs. 

Tlic  T-conncctiou  as  shown  in  Fitrs.  2s:^  and  284  requires  only 
two  tninsfornicrs,  and  it  can  W  used  to  cluinge  from  either  two- 
nhasc  or  thrcc-|)hasc  to  thrcc-|)hase  as  shown  in  Fig.  283,  or  from 
two-|)has(^  or  thnv-phasc  to  six-phase  as  shown  in  Ficr.  284.  The 
V  or  T-arran«reinent  of  transfornuM's  is  particularly  advantageous 
^vhc^e  h  rotaiy  i^^  to  ht^  used  to  su|)i)ly  direct  current  to  an  Edison 
tlj,vc»-wire  system.  Of  ^'ourse,  two  converters  can  be  ustKl,  one  on 
tMich  hranch*  of  tlu^  three-wire  system,  and  this  is  the  preferable 
,uetho»l  whtMV   the  branches  are  liable  to  be  greatly  unbalanced. 

•The  principle  of  pluise  transfonnation  is  explained  in  detail  in 
iirtleU*  101 
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With  the  Y-  or  T-c*onnec*tion  of  trHiisforiners  a  Hin^le  converter 
can  be  coniiec^ted  across  the  outside  wires  of  the  thriH*-\vire  system, 
the  neutral  wire  can  then  Ik?  joined  to  the  neutral  j)<)int  of  the  Y- 
conmr.tion,  or  to  a  tap,  in  one  of  tlu»  transformer  wiiulintrs,  which 
tap  corre8jK)n(ls  to  the  neutral  point  of  the  Y -connection. 
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Thre^-Pha^e  T^Connection 
Fig.   283. 
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Six'Rhase  Doubfel^ConnQct  ton 
Fig.   284. 


TESTING  OF  ROTARY  CONVERTERS. 
Saturation  Curve.    Core  Loss.    Phase  Characteristic.    Pulsation. 

134.  For  a  rotary  converter,  the  saturation  and  core  loss 
carves  are  obtained  in  the  same  manner  as  in  the  case  of  an  alter- 
natinf^-current  generator,  with  the  excejjtion  that  th(^  direct-current 
voltage  is  also  recorded.  The  phase  characteristic  is  determined 
and  the  pulsation  test  is  made  in  the  sanu^  manner  as  for  a  syn- 
chronous motor,  except  that  tlu*  direct-current  volta<^e  should  be 
recorded.  The  machine,  of  course,  is  run  as  a  synchronous  motor, 
being  supplied  with  alternating  current  through  its  collecting  rings. 
Tlie  pulsation  test  should  be  made  with  the  converter  self -excited. 

135-  Heat  Run.  To  nuike  a  heat  run  on  a  rotarv  converter 
it  may  be  run  either  as  a  synchronous  motor  taking  alternating 
enrrents  through  its  collector  rings,  or  as  a  direct-current  motor 
supplied  with  direct  current  through  its  brushes  and  commutator. 
If  driven  as  a  synchronous  alternating-current  motor,  the  full  load 
output  is  takeu  from  the  commutator  end  of  its  armature  (or  vIvl 
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rrrxa)  and  is  delivered  to  a  water  rheostat  or  other  receiver.    Div 
the  run  the  following  readings  should  be  recorded  every  half  hoim_ 


\^o 


Volt8 

D.C. 


Volts    > Am pereis  Amperes 
A.V.     I      I).(\     I     A.(\ 


When   the  rotary  converter  has  reached  a  constant  tern 
ture,  after  running  continuously  a  nuinl)er  of  hours  under  rate(3 
load  conditions,  the  machine  may  be  shut  down,  and  thermome 
quickly  applied  to  measure  the  temperature  of  the  following  pa. 


Armature  laminations. 
Armature  ventilating  ducts. 
Armature  coils  front  end. 
Armature  coils  back  end. 
Armature  binding  wires. 
Commutator. 
Collector  rings. 


Field  spools. 
Pole  tip,  leading. 
Pole  tip,  trailing. 
Frame. 
Bearings. 
Room. 


The  condition  of  constant  temperature  is  indicated  when  th^ 
voltage  applied  to  the  terminals  of  the  field  winding,  in  order  t(F 
kee])  the  current  in  the  field  winding  constant,  no  longer  incre^se^ 
In  other  words,  the  resistance  of  the  field  winding  increases  for  i 
time  due  to  increasing  temperature  of  the  winding,  and  it  takes  a 
increasincr  voltatje  at  the  field  terminals  to  maintain  the  field  cur- 
rent  constant.     But  when   the  temperature  of  the  field   winding^*^ 
becomes  constant,  the   voltage  required  at  the   field   terminals  n 
loncrer  increases. 

If  two  similar  rotary  converters  are  at  hand,  the  heat  test  ma 
be  made  ])V  the  ••  motor-ir^'iierator"  method,  in  a  manner  somewha 
si m liar  to  the  method  described  under  transformers   (see  article* 
KMM.     This  method  ap])lied  to  rotary  converters  involves  running 
one  machine  as  an  inverted  rotary  takin^r  T)ower  throutrh  its  brushes 
and  commutator  from  direct-current  mains.     The  second   machine 
is  made  to  run  as  a  regular  rotary  converter,  taking  its  power  from 
the   collector  rings  (that  is   alternating-current  side)  of  machine 
No.  1.      Machine    No.  2  then   delivers   its  power   in   the   form  of 
direct  current  from  its  commutator  back  to  the  direct-current  sup- 
ply  nniina,  or  to  the  commutator  of  machine  Ko.  1.     Machines 
numbers  1  and  2  are  now  said  to  be  **tied  together  in  multiple  on 
both  tlie  direct-current  and  the  alternating-current  sides".      If  the 
nnichines  are  similar  in  eveiy  respect,  no  appreciable  current  will 
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^^^  l)etween  the  two  under  these  circumstances.  Each  wiH  run 
the  direct-current  side,  the  two  together  taking*  only  enough 
•  from  the  direct-current  mains  to  supply  the  no-load  losses 
*^^^th  machines.  If,  however,  an  auxiliary  electromotive  force 
plied  in  the  circuit  between  the  machines  on  the  alternating- 
nt  side,  it  will  immediately  cause  current  to  flow  between  the 
ines  precisely  as  in  the  case  of  the  transformer  test  above 
"^^^^^xed  to. 

Fig.  285  is  a  diagram  of  the  electrical  connections   for  this 
^liod  of  running.     It,  and  R^  are  the  two  three-phase  rotaries. 


Fig.   28.5. 

They  are  shown  connected  together  electrically  on  the  alt(»rnating- 
current  side  (that  is,  the  collector  rings  of  U,  are  connected  to  the 
corresponding  collector  rings  of  R.^)  through  the  induction  reg- 
ulator* R.  This  regulator  supplies  to  the  circuit  of  each  j>haHe 
the  auxiliary  electromotive  force  necessary  to  cause  the  current 
to  flow  between  the  two  machines.  The  electromotive  forces 
supplied  by  the  regulator  are  adjustable.  When  the  machines  are 
first  thrown  together  the  regulator  is  in  such  a  position  that  its 
electromotive  forces  are  zero. 

*  Described  later. 
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direct-current  side.  R,  will  ruii  as  an  inverted  rotary,  driving  R^ 
on  the  alternating  current  side,  and  R^  will  run  as  an  ordinary 
rotary  converter  driving  R,  on  the  direct-current  side. 

By  sufficiently  increasing  the  voltage  of  R  we  can  cause  full- 
load  or  even  over-load  conditions  to  obtain.  The  direct-current 
mains  deliver  merely  the  power  to  supply  the  losses  in  the  entire 
system.  Ammeter  A  indicates  the  current  supplied  to  overcome 
the  losses  in  the  system.  Under  these  circumstances,  R^  will  have 
a  load  slightly  greater  than  II,.  Amnu^ter  A,  should  give  a  reading 
equal  to  the  sum  of  the   readings  of  the  two  ammeters  A  and  A^. 

The  chief  advantage  of  this  method  is  that  full-load  condi- 
tions are  obtained  without  actually  supplying  full-load  current  from 
the  direct -current  supply  mains.  The  mains  supply  simply  the 
power  losses  in  both  machines.  Another  grt^at  advantage  is  the 
ease  w^ith  which  the  load  can  be  controlled.  By  this  method, 
moreover,  two  machines  can  be  tested  more  easily  than  a  single 
machine  by  the  ordinary  method.  If  it  is  desired  to  test  one  ma- 
chine only,  the  load  may  be  put  on  in  the  same  way  by  connecting 
it  up  with  a  second  machine.  It  is  not  necessary  in  this  case  that  the 
second  machine  be  of  the  same  sizt^  as  the  first.  It  is  only  neces- 
sary that  it  l>e  of  the  same  voltage  and  frequency,  and  that  it  can 
carry  without  excessive  heating  the  full-load  current  of  the  machine 
to  be  tested.  The_current,  during  the  run,  is  adjusted  to  the  nor- 
mal  full-load  value  of  the  machine  to  l>e  tested. 

THE  INDUCTION  MOTOR. 

136.  It  has  already  been  pointed  out  that  the  successful  use 
of  alternating  current  for  power  ])urposes  depends  largely  upon  the 
use  of  the  nHlurtion  nmtor  supj)lied  with  j)olyphase  currents. 
This  machine  consists  of  a  ])rimary  meml>er  and  a  secondary  mem- 
ber,  each  with  a  winding  of  bars  or  wire.  The  primary  memlxM- 
is  usually  stationary,  and  is  often  called  the  d^ftor.  The  secondary 
member  is  usually  the  rotating  member,  and  is  often  called  the  rotnr. 
Fig.  280  shows  a  rotor  of  the  HqHtrrfl-rfff/e  tyjH*.  It  consists  of  a 
drum  A  built  up  of  circular  sheet-iron  discs.  Near  the  periphery 
of  this  drum  are  a  number  of  holes  parallel  to  the  axis  of  the  drum. 
In  these  holes  heavy  cop[)er  rods  h  are  placed,  and  the  projecting 
ends  of  these  rods  are  screwed  and  soldered  to  massive  copj)er 
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Tile  line?  A'  and  IV  in  the  clock  diagrams  of  Figs.  2t*3,  2m, 
and  2I15  are  8n[i[K>f^ed  to  rotate,  and  their  projections  on  the  tixt<l 
line  /'/'represent  the  instantaneous  values  of  the  alternating  cur- 
rents in  the  A  and  li  conductors  res|)ectively.  These  conductors 
are  represented  in  section  hy  the  small  circles.  Tliese  small  circles 
are  markefl  with  crosses  when  they  carry  down-flowing  currents, 
with  dots  when  they  carry  up-flowing  currents,  and  they  are  left 
hlank  when  they  carrj'  no  current. 

Fig.  293  shows  the  state 
of  affairs  when  the  current 
in  conductors  A  is  a  maxi- 
mum and  the  current  in 
conductors  B  is  zero,  and  the 
dotted  lines  indicate  the 
paths  of  the  magnetic  flux. 
This  flux  enters   the  rotor 
from  the  stator  at  the  points 
marked  N   and  leaves  the 
rotor  at  the  points  marked  S. 
Fig.  294  shows  the  state 
of   affairs,  one-eighth  of    a 
cycle  later,  when  the  current 
in  the  I>  conductors  lias  increased  and  the  current  in  the  A  conductors 
has  decreased  to  tlie  same  value,  so  tliat  equal  currents  flow  in  the 
A  and  in  the.  1>  conductors.     TIk^  jioiiits  N  and  S  liave  moved  over 
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Kijr.   LMM. 


ont^-sixletMith  of  the  circumference  of  i1h»  stator  ring,  from  the  pos 
tions  they  occupied  in  Fig.  29;^. 
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Fig.  295  shows  the  state  of  affairs,  after  another  eighth  of  a 
o^cle,  when  the  current  in  the  B  conductors  has  reached  its  maxi- 
XiiuiTi  value,  and  the  current  in  the  A  conductors  has  dropped  to 
zero.  The  points  N  and  S  have  moved  again  over  one-sixteenth 
of  the  circumference  of  the  stator  ring.  This  motion  of  the  points 
^N  and  S  is  continuous,  and  these  points  make  one  complete  revolu- 
t:ion  (in  a  four-pole  motor)  during  two  complete  revolutions  of  the 
v^ectors  A'  and  B',  that  is,  while  the  alternating  currtMits  supplied 
to  the  stator  windings  are  passing  through  two  cycles.    In  general: 

„  -  ¥ 

V 

i  u  which  H'  is  the  revolutions  jK*r  second  of  tlu^  stator-niagnetism, 
^yis  the  number  of  poles  (X  and  S).  and ^Z*  is  the   frequency  of  the 
^alternating  currents  supplied 

"to  the  stator  windings.  „  ,9|  a 

Three-Phase    Stator  :a        111 

\\n  Ml 

^^Vindlng.     When  an  indue-  ^^^       '-'^^       .^^==^       .v_B^ 

^ion  motor  is  driven  by  three- 

^hase   currents,    the   stator         if  ^ --mtc 

<5onductor8   are  arranged  in 

tihree  distinct  circuits  A,  B, 

mndC,whichareeitherA-con-       ^^^ '        /Tf^         <\^         A 
nected  or  Y -connected  to  the  ^*^==*=5a^/      ,'5'.        \^^a 

supply   mains.    Fig.    296  ^  4-      '^  ^ 

shows  the  complete  connec-  ,,,.      ,.^, 

tions,  for  four  poles,  of  the 

A  circuit  with  its  terminals  t  f,     Tlie  B  and  C  circuits  are  similarly 
connected. 

In  general,  the  ^-phase  stator  winding  for^>  poles  has  j^  y  equi- 
distant bands  of  conductors.  The  1st,  [q  +  l}th,  (2//  +  l)th,  etc., 
bands  are  connected  in  one  circuit,  so  that  currents  flow  oppositely 
in  adjacent  bands,  and  this  circuit  takes  current  from  one  phase  of 
the  y.phase  system.  The  2nd,  (q  +  2)th,  (2//  -\-  2)th,  etc.,  bands 
are  similarly  connected  in  another  circuit  and  take  current  from 
the  second  phase  of  the  y-phase  system.  The  3d,  (</  +  3)th,  (2</ 
H-  3)th,  etc.,  bands  are  similarly  connected  in  another  circuit  and 

take  current  from  the  third  phase  of  the  y-phase  system;  and  so  on. 
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138.  Discussion  of  the  Action  of  the  Induction  Motor.  Many 
important  details  of  the  action  of  the  induction  motor  are  most 
easily  explained  by  looking  upon  the  induction  motor  as  a  rotor 
influenced  by  an  ordinary  field  magnet,  mechanically  revolved. 
Tlie  complete  theory  of  the  action  of  the  induction  motor  is,  how- 
ever, similar  to  the  theory  of  the  alternating  current  transformer. 

Torqve  and  SjH'i'd,  Let  n  be  the  number  of  revolutions  per 
second  of  the  field,  and  n  the  revolutions  per  second  of  the  rotor. 
When  n  =  ?/,  the  rotor  and  field  revolve  at  the  same  speed,  so 
that  their  n^lativf^  motion  is  zero;  no  electromotive  force  is  then 
induced  in  the  rotor  conductors  and  no  current  flows,  and  therefore 
the  revolving  field  exerts  no  torque  upon  the  rotor.  As  the  speed 
of  the  rotor  decreases,  the  difference  of  the  speeds  of  rotor  and 

field  (/^  -  y/),  increases, 
^^<^  and  therefore  the  elec- 

;j  tromotive    force    in- 

'8 

'^  duced  in  the  rotor  con- 

ductors, the  currents  in 
the  conductors,  and  the 
torque*  with  which  the 
field  drncrs  the  rotor,  all 
increase.  If  tiie  whole 
of  the  iiwld  Hux  were  to* 
pass  into  the  I'otor  and  out  attain  in  sj>ite  of  tlie  demagnetizing 
action  of  the  current  in  tlie  rotor  conductors,  then  the  torque  would 
increase  in  strict  ])ro])()rtion  to  (//-//').  Asa  matter  of  fact,  because 
of  the  deniatrnetizinix  action  of  tlie  rotor  currents,  a  lartrer  and 
larger  portion  of  tlu*  field  thix])asses  through  the  space  between  the 
stator  and  rotor  conductors  as  the  speed  of  the  rotor  decreases,  and 
this  iiiagiutic  leakage  causes  the  tonjue  to  increase  more  and  more 
slowlv  as  (//  -  n'\  increases.  The  toniue  usuallv  reaches  a  maxi- 
mum  value,  and  then  decreases  with  further  increase  of  (//  —  7/). 

Fig.  21^7  shows  the  tyj>ical  relation  ])etween  tonjue  and  speed 
of  an  induction  motor.  Ordinates  of  the  curve  represent  torque, 
and  abscissas  measured  from  0  repres(»nt  rotor  speeds.  The  rotor 
is  said  to  run  above  svnchronism  when  it  is  driven  so  that  ;/  is 
greater  than  //.  The  rotor  never  actually  reaches  synchronous 
s{)eed,  but  approaches  it  very  nearly  when  the  induction  motor  is 
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running  unloaded.  In  order  to  cause  the  rotor  to  run  above  syn- 
chronism, that  is,  to  make  //'  greater  than  y/,  or  in  order  to  cause 
the  rotor  to  run  backwards  (that  is,  in  a  direction  opposite  to  that 
of  the  revolving  magnetism  in  the  stator  iron),  the  rotor  must  be 
driven  mechanically  from  an  outside  source  of  jiower. 

Starthnj  licsistaiH'e  ht  the  Rotor  Wlndhtfjfi,  The  speed  of 
the  rotor  for  which  the  maximum  torque  occurs,  depends  upon  the 
resistance  of  the  rotor  windings,  and  it  is  advantageous  under  cer- 
tain conditions  of  operation  to  provide  at  starting  such  resistance 
in  these  windings  as  to  at  once  produce  the  maximum  torque,  this 
resistance  being  cut  out  as  the  motor  approaches  full  speed.  A 
detailed  description  and  discussion  of  rotors  furnished  with  start- 
ing resistances  is  given  in  article  189. 

Effivhnirij  and  S2>ee(1,  For  the  sake  of  simplicity,  let  us 
assume  that  the  only  opposition  to  motion  of  the  revolving  field 
magnet  is  the  reaction  of  the  torque  which  it  exerts  on  the  rotor. 
Let  this  torque  be  represented  by  T.  Tlien  the  power  expended 
in  driving  the  field  magnet  is  27rMT,  and  the  mechanical  power 
delivered  to  the  rotor  is  27r//'T,  and  this  power  27r//'T  is  available 
at  the  pulley  of  the  motor,  except  for  slight  losses  due  to  friction 
in  the  bearings,  and  air  friction.  Therefore,  ignoring  friction 
losses,  27r//T  is  the  input  of  power  in  driving  the  revolving  field, 
and  27r//T  is  the  output  of  power,  so  that 

The  efficiency  of  the  induction  motor  =  -  . 

*^  // 

This  expression  for  efficiency  ignores  all  the  losses  of  power 
in  the  revolving  field  magnet  (in  the  actual  induction  motor,  it 
ignores  the  loss  of  power  due  to  the  heating  of  the  stator  windings 
by  the  su])plied  alternating  currents,  and  the  loss  of  power  due  to 
core  losses  in  the  stator  iron),  and  the  friction  and  windage  losses 
in  the  rotor.  Tliis  equation  shows  that  the  efficiency  of  an  induc- 
tion motor  is  zero  when  the  rotor  stands  still,  that  it  incn^ases  as 
the  rotor  S|)eeds  up,  and  approaches  100%  (^Ignor'nuj  jicJd  toHnes 
and  fru'tlon)^  as  the  rotor  sj)eed  approaches  the  speed  of  the  re- 

volving  field.     The  ratio    -  ranges  from  0.85  to  0.U5  or  more,  in 

commercial  induction  motors  under  full  load,  but  the  actual  full 
load  efficiencies  of  induction   motors   range  from  75  per  cent,  or 
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fr've!!   It-s^  for  -niall    ntoturs,  ti>  :iU»iit  *M  pT  iviit  for  ljiri^t»   motors. 
Ratio  of  Mechanical  to  Electrical  Enerj^y  in  the  Rotor.     Tho 

totiil  |M>\viT  ilflivtTe*!  to  the  rotor  is  tMjiuil  to  27r//T  \vht»re  //  and 
T  liJivc  the  iMeatiinj^s  alK)ve  tfj>ei.MtiiMl.  That  is,  all  of  the  power 
useil  to  drive  the  tiehl  matrnet  (it^norintr  losses  in  the  Held)  is 
«lelivere<l  to  the  rotor.  Now,  the  meohanical  power  delivered  to 
the  rotor  is  etjual  to  :27r/'T,  as  already  explained;  therefore,  the 
difference  27r//T  - 'JTr/'T '•'  is  electrical  [)Ower  used  to  force  the 
rotor  currt*nts  throuijh  the  rt»tor  wirulinirs. 

Tlierefore,  wheti  the  tiehl  sj»ee<l  is  /*  and  the  rotor  speed  is 
fi\  the  total  power  delivertnl  to  the  rotor,  the  mechanical  power 
develojK»d  in  turnin*;  the  rotor,  and  the  electrical  ])ower  developed 
in  the  rotor  windinirs  are   to   each  other  as,   //,  //  and   (n  —  n') 

respectively. 

Ratio  of  Rotor  Voltages  to  Stator  Volti^es.  When  the  rotor 
is  wound  with  the  same  numl)er  of  conductors  as  the  stator,  then 
when  the  rotor  is  standintj  still,  the  rotatinor  stator  macruetism  in- 
ducc»s  in  the  rotor  windinijjs  elivtromotive  forces  of  the  same  value 
and  of  the  same  fre«juency  as  tin*  electromotive  forces  induced  in 
the  stator  win<linixs  hy  this  rotatintr  stator  matrnet  ism  (neglecting 
mairnctic  leakaixc*.  Moreover,  the  electromotive  forces  induced  in 
the  stator  windiniis  are  v^ry  nearly  ecjual  and  ()j)posite  to  the  volt- 
a<:^es  applied  to  the  stator  wiiidiiiufs.  AVlu^i  the  difference  of  the 
siM'eds  of  tlie  rotor  aiiil  the  stator  maijnetism  is  (//  -  ;/'),  the  electro- 
motive forces  induced  in  the  rotor  winilinirs  ari'  the  fractional  part, 

I  L  of  the   volt;i<ies  appliiMl  to  llu*  stator  windings,  and  the 

frcMjumcy  of  tlie  electromotive  forces  iiiductMJ  in  the  rotor  windings 

is  the  fractional  part. I L  of    tlie    fre(juency  of  tin*  voltages 

ap|)lied  to  the  stator  windinc^s. 

/\.riff/fjt/,.s,  Lrt  a  ctM'tain  thnv-])hase  induction  motor  having 
a  stator  wound  for  <>  poles,  }in<l  takinj^  three-|>hase  altt»rnatingcur- 

^-  When  tnnjne  is  expressed  :is  pounds  weijrlit  on  a  lever  arm  of  one 

loot  in  leuL'tli  tlie  lor«|ue  is  said  to  \tv  expresseil  in  ]>outHl-feet,  and  jioweT 

liTT// r   .    71«i  .  ,  ,„  ,  .      , 

in  watts  IS  (Miual  to  .  s..»-j// 1  watts,  where  n  is  the  Hpee^l   hi 

re\i>lulloii»<  piT  sei'ond. 
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rents  at  a  frequency  of  60  cycles  and  a  voltage  of  220  l>etween  any 
two  of  the  three  supply  mains,  have  a  rotor  furnished  with  the 
same  number  of  conductors  as  the  stator.  Further,  let  the  no-load 
speed  of  the  rotor  be  1194  r.p.m.,  and  its  full-load  speed  be  1143 
r.p.m.  Assume  that  the  magnetic  leakage  is  negligible. 
It  is  required  to  find; 

(a)  The  synchronous  speed. 

(b)  The  electromotive  forces  (three-phase)  induced  in  the  rotor 
winding^  at  no-load  and  at  full-load. 

(c)  The  frequency  of  the  electromotive  forces  induced  in  the  rotor 
winding^  at  no-load  and  at  full-load. 

Solution:  (a)  The  synchronous  speed  of  the  rotating  mag- 
netism in  the  stator  is,  according  to  equation  on  page  813 

f\C\ 

71.  =  -^  =  20  revolutions  per  second  or  1,200  r.p.m. 

"2" 

(h)  The  electromotive  forces  (three-phase)  induced  in  the 
rotor  windings  at  no-load  are 

(^n-7i')  X  voltage  applied  to  stator 
n 

/  1200- 1194  \        ,^^^       ,  ,^      , 
or  ^ p^TTTT )  X  220  =  1.10  volts. 

The  voltages  induced  in  the  stator  windings  at  full-load  are: 

/  1200- 1143  \        ^^^        ,^,^      , 
^ J200 ^  X  220  =^  10.45  volts. 

It  is  interesting  to  note  that  if  the  slip  of  the  rotor  at  no  load 
were  zero,  or  in  other  words,  if  ft  were  equal  to  7?,  there  would  be 
zero  electromotive  forces  induced  in  the  rotor  windings  at  no-load. 

(c)  The  frequency  of  the  electromotive  forces  induced  in  the 
rotor  windings  at  no-load  is 

(72.  -  n')  X  frequency  of  stator  voltage 
n 

/  1200- 1194  \     ,  PA       Ao       I 
or  I To(u\ 7  X  oO  =  0.3  cycles  per  second. 
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When  tbe  rotor  is  at  rest,  the  frequency  of  the  electromotive 
forces  induced  in  the  rotor  windings  is  the  same  as  the  fre<jiiency 
of  the  Btator  voltage,  namely,  tJO  cycles  j>er  second. 

Efficiency  and  Rotor  Resistance.  For  a  given  diiference 
(»— fi')  between  field  speed  and  rotor  speed,  a  detinite  electromo- 
tive force  is  induced  in  the  rotor  conductors,  and  the  less  the  rotor 
resistance,  the  greater  the  current  ])roiluce<l  by  this  electromotive 
force,  and  the  greater  the  torque.  Therefore  a  given  induction 
motor  will  develop  its  full  load  tonjue  fur  a  siiiall  value  (//  -?i')  or 

for  a  large  value  of  —  (efficiency)  if  its  rotor  resi.^^tance  is  small. 

High  efficiency  deptMids,  therefore,  upon  low  rotor  resistance. 

Tlie  necessity  of  high  rotor  resistance  to  give  large  tonpie  at 
starting  has  nothing  to  do  with  the  necessity  of  making  the  rotor 
resistance  small  in  order  to  si^cure  full  load  torque  at  as  nearly 
synchronons  speed  as  |K)sil)le.  These  two  conflicting  conditions 
may  be  realized  in  one  motor  by  an  arrangement  whereby  a  resist- 
ance which  is  in  circuit  with  the  rotor  conductors  at  starting,  may 
be  short-circuited  wlu^n  the  motor  nearly  readies  its  thUhX  spee<l. 

130.  Structural  Details  of  a  Typical  Induction  Motor.  Yutq, 
298  to  303  show  the  structural  details  of  a  typical  induction  motor 
mannfactnred  by  the  Westintrhouse  Electric  and  ilanufacturincrCo. 
It  has  a  stationary  primary  member  (often  called  the  stator  or  field) 
and  a  rotating  secondary  member  (often  called  the  rotor  or  arma- 
ture). The  primary  member  is  mounted  in  a  hollow  cylindrical 
frame  of  cast-iron  shown  in  Fig.  20S.  This  frame  forms  a  base 
for  the  machine,  and  also  supports  the  two  end- plates  which  carry 
the  self-oiling  bearings.  The  iron  core  of  the  j)rimary  member  con- 
sists of  a  ring  built  up  of  sheet-steel  stanjpings  slotted  on  the  in- 
side to  receive  the  primary  conductors  as  shown  in  Fig.  2U\),  The 
stampings  are  rigidly  supported  by  the  cast-iron  housing.  In 
motors  of  large  size,  each  stamping  is  not  a  complete  ring,  but  a 
segment,  and  these  segments  are  dovetailed  into  grooves  on  the 
inner  face  of  a  hollow  cylindrical  shell  of  c^ist-iron  which  is  held 
in  the  cast-iron  frame  of  the  motor.  Fig.  800  shows  the  prinuxry 
member  completely  wound. 

The  primary  conductors  are  usually  grouj)ed  in  machine- 
wound  coils  of  wire  which  are  thoroughly  taped  and  insulated  be- 
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fore  Wins  slipped  into  placw  in  the  slots  in  the  primary  iron  core. 
Id  Un?e-r  moiorf  a  copper  stnp  bent  into  the  proper  form  is  used 
instiml  of  vii^  for  f<M-iui[ig  the  coils. 

The  tenuioals  of  ibe  primur  winding  are  brought  out  to  ter- 
minal bloi^  of  poiveluD  which  ar«  monoted  sometimes  at  the' top, 
and  sometimes  at  the  side  of  the  hame,  and  the  leads  which  supply 
alternating  corpents  to  ibe  motor  are  attached  to  these  terminal 
blocts. 


Fig.  sm. 

The  iixiii  oore  of  llie  secomiary  member  sbuwii  in  Fig.  301,  is 
built  up  of  rinjx-fUiipeii  stampings  of  slieel-steel  moanted  upon  a 
spider.  Tlie  set-ondarv  condneiors  consist  of  rectangular  copper 
Iwrs  plitceti  in  nearly  olosed  slots  around  the  periphery  of  the  core. 
These  liars  projeel  K-vorui  tiif  laniinateil  core,  and  they  are  screwed 
and  soldered  at  ejieli  end.  to  massive  rinjfs  of  copper,  thus  forming 
a  short -eireuitttl  stTond;try  winding  as  sbowD  in  Fig.  302.  This 
tyjie  of  secondary  inemU'r  is  ealled  the  /"/inrrel-ca^e  rotor. 

Tlie  complete  motor  is  shown  in  Fig.  303.  The  lar^  open- 
ings in  the  end-plates  are  covervd  with  perforated  iron  plates,  or 
gratings.  whieL  not  only  jtennit  of  thorough  cooling  of  the  ma- 
chine by  ventilation,  bnt  also  serve  to  protect  the  motor  from 
injury.  No  electrical  conne«-tions  whatever  are  made  to  the  sec- 
ondary member. 

Three  Types  of  Secondary  Members.  There  are  three  types 
of  secondary  members  used  in  commercial  induction  motors,  lliese 
types  are  shown  in  Figs.  304,  305,  and  306. 


Fig.  304  IB  a  Bqnlrrel-cage  rotor.  Fig.  305  is  a  rotor  wonnd 
willi  inBulat*si  wire,  forming  what  is  called  %  thfiHiW*  ot  polar 
winding.  The  terminals  of  this  winding  are  connected  (o  a  start- 
ing resiataDce  mounted  inside  of  the  rotor.  A  switch  ia  arranged  to 
Bhort-circuit  this  starting  reBistance,  and  this  swiich  is  operated 
while  the  motor  is  ninning  i)y  njt^ans  of  a  rod  which  lies  inside  of 


the  hollow  shaft  of  the  rotor.     This  roil  terminates  in  a  small  biiltoii 
or  knob  at  the  end  of  the  rotor  shaft  as  shown  in  Fig,  305.     Fig, 


312  shows  a  complete  three-phase  induction  motor  with  the  knob 
and  rod  for  operating  the  internal  starting  resistance. 
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FiiT.  3"*^  is  a  n>:or  with  a  winding  similar  to  the  winding  of 
Fig.  3*»->.  huz  ::.s:c^d  of  oonnt^ting  the  terminals  of  the  rotor 
windiacr  to  an  inirrcal  startincr  resistance,  these  terminals  are 
bronirht  ont  to  vM»IItvtor  rincjs  on  the  end  of  the  shaft  as  shown  in 
Fig.  3<  *t;.  The  c-ircnits  of  the  njtor  windings  »re  completed  throngh 
adjustable  external  resistances  which  are  connected  to  the  rotor 
windings  by  mt^ns  of  bnisht^  rubbing  on  the  collector  rings. 
These  adjustable  external  resistances  are  regulated  by  a  cylindrical 
switch  or  controller  similar  to  the  ordinary  electric  street  car 
controller. 

The  cylinder  has  a  s<*t  of  contacts  for  making,  breaking,  and 
reversing  the  primary  circuit,  and  another  set  of  contacts  for  con- 
trolling the  secondary  resistance.  At  the  first  step,  one  phase  of 
the  Y -connected  secondary  circuit  is  open,  making  it  possible  to 
obtain  a  low  current  at  startincr  with  a  much  smaller  amount  of 
resistance. 

A  resistance  is  inserted  in  the  primary  leads  for  the  purpose 
of  distributing  the  ar^Mng  at  the  contact  fingers,  but  it  is  not  used 
for  the  pur]K)se  of  sjveil  control. 

An  indiK'tion  motor  j»ro\  idetl  with  a  squirrel-cage  rotor  takes 
excessive  eunvnt  from  the  alternating-current  supply  mains  at 
starting.  The  s«jnirrtl-eao:e  n^or  rei|uires  from  three  to  four 
times  full-load  eurre.it  to  priKliuv  at  starting  a  torque  equal  to  the 
tonjue  develnjuMl  wIumi  numinix  at  full-load.  Hence,  when  the 
motor  has  to  start  under  a  heavy  load,  or  where  the  takincr  of  ex- 
cessive  currents  from  the  supply  mains  will  interfere  with  other 
apparatus  supplie<l  from  the  same  mains  l>y  causing  excessive  drop 
of  voltage,  the  squirrel-eai^e  type  of  rotor  is  objectionable,  espe- 
cially in  larcre  size  motors.  On  the  other  hand,  the  extreme  sim- 
plicity  of  the  scjuirrel-catxe  rotor  and  its  ability  to  carry  enormous 
currents  without  injury,  largely  comjxMisate  for  the  above  men- 
tioned disadvantam^s. 

An  induction  motor  jirovided  with  a  rotor  like  that  shown  in 
Fig.  80'"),  with  an  internal  starting  resistance,  takes  at  starting  only 
about  full -load  rated  current  from  the  supply  mains,  giving  a 
starting  tonjue  about  equal  to  full -load  torque.  Such  an  induction 
motor,  therefore,  is  used  only  where  a  starting  torque  not  greatly 
in  excess  of  full-load  torque  is  requiitnl.     The  advantage  of  this 
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type  of  rotor  is  that  it  does  not  take  excessive  currents  at  starting, 
and  it  will  start,  therefore,  without  producing  excessive  drop  of 
electromotive  force  in  the  alternating-current  system  from  which 
the  motor  receives  its  power.  The  starting  resistance  may  be  made 
of  copper  strips,  or,  as  is  usually  the  case,  of  iron,  cast  into  a  com- 
pact grid  form,  and  having  a  number  of  contact  points.  The  whole 
of  this  resistance  is  in  series  with  the  secondary  winding  at  start- 
ing. As  the  motor  increases  in  speed,  a  circular  short-circuiting 
ring,  encircling  the  shaft,  is  pushed  in  by  the  controlling  rod,  thus 
cutting  out  the  resistance  in  as  many  successive  steps  as  there  are 
contact  points. 

An  induction  motor  liaviiig  a  rotor  provided  witli  collector  rings  is 
generally  used  for  cranes,  lioists,  elevators,  and  otiier  work  where  variable 
speed  is  reciuired.  Tlie  starting  resistance  used  in  the  type  of  rotor  sliown 
in  Fig.  805,  is  designed  to  carry  the  rotor  current  for  a  short  time  only, 
that  Is,  during  starting;  if  kept  continuously  in  circuit  for  the  purpose  of 
speed  control,  this  starting  resistance  would  become  excessively  hot.  For 
speed  control,  therefore,  an  external  resistance  must  be  used. 

The  range  of  speed  control  possible  in  the  case  pf  an  induction 
motor  provided  with  a  rotor  having  collector  rings  connected  to 
external  adjustable  resistances,  is  about  the  same  as  the  range  of 
speed  control  obtainable  with  a  shunt- wound  direct-current  motor 
having  a  regulating  rheostat  in  its  armature  circuit. 

140.  Behavior  of  an  Induction  Motor  at  Starting  and  In 
Operation.  "When  an  induction  motor  is  running  without  load, 
its  speed  is  nearly  equal  to  the  speed  of  the  rotating  magnetic  tield, 
namely,  synchronous  speed.  Under  these  conditions  the  stator 
takes  only  sufficient  current  to  force  the  magnetic  flux  through  the 
reluctance  of  the  magnetic  circuit,  and  to  supply  the  PR  losses  of 
the  stator  windings,  the  core  loss,  and  the  friction  and  windage  loss 
of  the  rotor. 

When  the  motor  is  loaded,  its  speed  decreases  in  nearly  direct 
proportion  to  the  load,  from  nearly  synchronous  s{)eed  at  no-load 
to  about  98  per  cent  of  synchronous  s{)eed  in  the  case  of  large 
motors,  and  to  about  92  per  cent  of  synchronous  s|)eed  in  small 
motors  at  full-load.  Therefore,  the  induction  motor  is  practically 
a  constant-speed  motor.  The  decrease  in  speed  expressed  as  a  per- 
centage of  synchronous  speed  is  called  the  slijy  of  the  motor.    The 


Blip  of  lai^  motors  ie  tbns  about  2  per  cent  Kt  iolMoiwI,  tind  tfai 
of  small  lootors  is  about  8  per  c«Dt  at  falMoitd. 

When  an  induction  motor  is  overloaded,  it  lakes  excessive  CUT' 
rent  from  tlie  snpplj  mains,  and  its  torqnt)  increaeea  np  to  a  oeri 
tain  value  of  llie  alip  (a  detinite  value  for  a  given  mottw).  WI 
loaded  up  to  lliia  point  the  machine  ie  unstable,  and  the 
additional  loadiug  c-aiiaes  the  machine  to  "break  dowu"or8topj 


This  maximum  output  which  a  given  motor  can  deliver  !l 
nsnally  about  one  itud  oue-half  to  two  times  as  great  as  ita  tnttd 
full-luml  output.  This  maxiuiuui  output  is  proportional  to  tbtt 
square  of  the  electromotive  force  of  the  alturnuting  unrtentH  t<Dpp1it4' 
to  thtf  motor.  Thus  a  wrtain  induction  motor  rated  at  220  Tolti 
huH  u  maxiinuiii.  power  output  of  1.8  time*  its  rat*d  outpaL    Thil 
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same  motor  supplied   witb  currents  at  200  volts  would  have  a 

maximum  output  of  (  nsn)  X  1.8  =  1.49  of  its  rated  output, 

Wheu  an  induction  motor  is  operated  at  aliglitly  less  tban  its 
rated  fraqaency  but  with  full-rated  volta^,  the  speed  of  tlie  motor 
'v^ill  be  decreased  in  proportion  to  the  frequency,  but  its  power 
output  will  not  be  greatly  affected.  The  efficiency  of  the  motor, 
snd  itsriseof  temperature 
under  fall-load,  will  be  ap- 
proximately unchanged, 
and  the  maximum  power 
ontpnt  will  be  slightly  in- 
creased. 

Ad  induction  motor 
liaving  a  squirrel-cage 
rotor  will  develop  suffic- 
ient torque  to  start  satis- 
factorily with  from  40  per 
cent  to  60  per  cant  of  the 
rated  voltage  applied  to 
the  primary  member. 
Therefore,  the  current  re- 
quired at  starting  may  be 
greatly  reduced  by  supply- 
ing the  primary  member, 
at  starting,  with  current 
through  a  step-down  trans- 
former which  is  designed 
to  reduce  the  supply  volt- 
age to  40,  50,  or  60  per  cent  of  the  rated  voltage  of  the  motor, 
and  to  multiply  the  delivered  current  in  the  same  ratio.  This  step- 
down  transformer  is  usually  an  auto-transformer.  This  auto- 
transformer,  with  its  special  switching  device  for  changing  the 
motor  connections  quickly  from  the  low-starting  voltage  to  the  full- 
running  voltage,  is  called  an  autn-Htarter,  or  a  coiflpenmtov.  The 
aato-starter  may  be  located  at  any  convenient  point,  either  near 
the  motor  or  at  a  distance  from  it. 


Fig.  au8. 
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Fi^-  3*^7  §Low«  a  Otfoenl  Electric  controller  for  indnction 
motors  of  5<>  to  1-/)  H.P.  inclnsiTe.    Fig.  3i>S  is  a  general  view  o 
an  anto-starter  or  comf^irDsator  as  mannfactnred  by  the  Westing- 
hoQ^e  Electric  and  Mannfactnrincr  Co.     Fic^.  309  shows  the  com- 
plete  connections  of  this  starter  to  two- phase  supply  mains  and  to 
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Kig.   809. 

the  terminals  of  a  Iwo-pliaBe  indnctioii  motor.  A  four-pole  double 
throw  switch,  of  which  a  side  view  is  shown  in  the  upper  part  of 
Fig.  309,  disconnects  everythintr  from  the  supply  mains  when 
the  switch  lever  is  in  the  '*off  position".  When  the  switch  lever 
is  in  the  '^starting  position",  it  connects  the  supply  mains  to  the 
terminals  <f  a'  and  h  //  of  the  two  auto-transformers,  and  at  the  same 
time  it  connects  ))hase  A  of  the  motor  to  a  section  (^?'l,  </'2,  or  r/'3) 
of  the  auto-transformer  A,  and  also  connects  phase  B  of  the  motor 
to  a  section  (//I,  //2,  or  //8)  of  the  auto- transformer  B,  as  may  be 
seen  by  tracing  the  connections  in  Fig.  809.     When  the  switch  ig 
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in  the  "moDing  position,"  it  connects  the  motor  terminals  directly 
to  the  supply  mains,  and  disconnects  the  terminals  ti'  and  V  of  the 
auto- transformers.  To  start  the  motor,  the  switch  is  thrown  to 
the  "starting  position",  and  is  left  there  until  the  motor  reaches 
nearly  full  speed  and  then  the  switch  is  quickly  thrown  over  to 
the  "rtinning  position."  Tlie  voltage  for  starting  may  be  given  a 
large,  medium,  or  small  value  (say,  00  per  cent,  50  per  cent,  or  40 
per  cent  of  the  rated  voltage)  by  throwing  the  two  switches  «  »  to 
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Fig,  .110. 

tap  points  1,  2,  or  3,  respectively.  Tlie  time  required  for  bring, 
ing  an  induction  motor  from  rest  \ip  to  rated  speed  varies  from  10 
seconds  to  30  seconds,  according  to  the  value  of  the  starting  voltage 
used,  and  according  to  the  amount  of  load  on  the  motor  at  starting. 

The  direction  of  rotation  of  a  two-phase  motor  is  reversed  by 
reversing  the  connections  of  one  of  the  phases,  that  ia,  by  revers- 
ing the  connections  of  the  two  wires  belonging  to  one-phase  sup- 
plying current  to  the  stator  windings  of  the  motor. 

The  direction  of  rotation  of  a  three-phase  (three-wire)  motor 
is  reversed  by  interchanging  the  connections  of  any  two  of  tlie 
three  wires  used  to  lead  the  three-phase  currents  to  the  stator 
windings  of  the  motor. 

Fig.  310  shows  the  general  arrangement  and  complete  con- 
nections of  a  three-phase  induction  motor,  with  auto-starter,  or 
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compensator,  inannfactnred  by  the  General  Electric  Co.  The  com- 
pensator consisla  of  tLrt«  auto-transfonuers  A,  B,  and  C  each 
having  a  niiiiil)cr  of  taps.  1.  2,  3.  and  4.  to  any  one  of  which  the 
wires  WWW  may  be  connectrtl;  and  a  special  tive-pole,  donble- 
throw  switch.  The  blades  of  this  switch  tonch  only  three  contact 
points  when   the  switcb-Iever  is  in  the  ••  running  position.''  and 


Fig.  311. 
tonch  live  tontact  points  when  the  switcli-Iever  is  in  the  "surting 
position."     Tliis  three-phase  starting  eoini>ensator   is  essentially 
similar  to  the  two-phase  starter,  and  llie  connections  uiaj  he  easily 
traced  in  Fig.  310. 

14"-  Typical  Induction  Motor  Installations.  Fig.  311  is  a 
general  view  of  a  500  borse-pwer  Westinghonse  induction  motor. 
designed  for  direct  coupling  to  it.'5  load.  Such  direct-coupled  in- 
duction motors  are  often  used  for  driving  pumps.  »nd  are  frequently 
used  instead  of  steam  engines  for  driving  direct-current  generators 
when  rotary  converters  will  not  oi)erate  satisfactorily,  for  driving 
direct.current  arc-lighting  dynamos,  for  example. 
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Fig,  312. 

The  lairiiiiatioiis  of  Liotli  the  Btator  and  rotor  of  large  induc- 
tion motors  are  provided  with  ventilating  dncta  throiifili  which  air 
IB  driven  bj  centrifugal  action.  Fig.  311  shows  a  nuinlwr  of  holes 
in  the  cast-iron  casing  through  wliich  the  air  flows  after  passing 
through  the  ventilating  ducts  between  the  laminations  of  the  rotor 
and  the  Btator. 

Fig.  312  shows  an  induction  motor  driving  a  triplex  pump. 
This  induction  motor  has  a  starting  resistance  inside  of  the  rotor, 
ftnd  the  switch  rod  and  knob  are  shown  projecting  from  the  rotor 
ahaft  at  the  left.     (See  article  13il.) 

Fig.  313  illuatrates  a  very  common  method  of  installing  in- 
doction  motors  when  used  for  driving  line  shafting  in  shops  or 
fsctories.  The  motor  is  shown  bolted  in  an  inverted  position  to 
the  coiling  by  means  of  lag  screws,  and  is  furnished  with  two 
pallejB,  each  belted  to  a  different  line  shaft. 

Since  induction  motors  require  no  adjustment  and  practically 
00  attention,  they  may  be  installed  when  direct-cnrrent  motors  are 
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not  suitable,  with  the  conseqnent  advantage  of  saving  val 

door  spAce. 

143.  The  Stnsle-Pliase  lodoctioo  Mott>r.  When  an  ii 
tion  motor  tr«x>> phase  or  three-phase t  is  once  started,  and  is 
Ding  at  full  speed,  all  the  phases  bnt  one  may  be  disconnected 
the  primarv  member  and  the  machine  will  continue  to  operat 
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oarrv  a  vt-rv  v ■.*::>.  it-ral'.t-  ;uul.  >:iv  :wo-.i::r\:<  as  :r.r»v*h  load  as 

•  »  * 

hU  tho  1  :.s><s  Art^  i.vn:uv:i-vi  *o  t'.r  sv.:  :'v  !i::»:!.s. 

A:;  :r..;:u::o::  :r.o:or.  lunvrvtr.  ^vil*.  :.o:  star:  when  one 
only  of  ::s  i  T::.:irv  ::.t-:v.lvr  is  Lx»::::r^.*:tri  lo  siniilf-iihase  s 
mains.  Trurtfort-  wlu-n  i:  is  t^*  !«r  drivr::  fr.':::  sirii^le- phase  i 
sjvoial  prvn-is\.:;  vr  startiiii:  !i:;;s:  It-  v.-Vxir,  A:\  induction 
dcsiiTiievi  to  v»:vra:r  ^roiii  si:.i:V- phase  ::.:»::. s  rti-d  pirovided 
sjxvinl  8rnr..i:^!r.r:::s  for  start: r.i:,  is  o:%y.tV.  a  *  •;'•  -y-'f^Tjit  i 
liou  motor. 

Tliree  metlu«iis  t»f  startir.i:  s':.i:'t-j  l.;«s<-  ::.otors  are  in  g« 
us^\  as  follows: 

.  '.  Hand  5tartinfi:.  Vt-rv  s!'..:t'.l  ::.  i.ivr.'-ii  motors  m 
starttn.i  l»y  i:;v"!.Lj  a  \  ii^on^us  j.:;!I  v»:i  \:.v  \k-\:  wLioii  i.-onnect 
motor  to  tlif  :i;achi:u-rv  wliioii  it  drivrs 

t^M  5plit-Phase  Starting^.  Wi.rti  an  a^.ternating  ci 
divides  bctwei*n  two  branches  of  a  oirvui:,  there  is  a  phase  C 


B  between  the  currents  in  the  two  brHni-bfB,  if  the  ratio  of  resist- 
'  to  reactance  ie  diffurect  in  the  two  branches.  This  is  espe- 
3y  true  if  one  branch  contains  a  comlenser.  Now  a  two-phase 
will  start  when  the  curreuts  in  the  two  atator  cii-cuita  are 
L  than  i)0°  ajMirt  in  phase,  although  the  starting  torque  grows 
ind  less  as  the  jihase  diiference  of  the  two  currents  decreases. 
I  depbaaing  of  the  two  parts  of  a  single  alternating  current  in 
jdissiniilar  branches  of  a  given  circuit,  is  called  pha^''-«jilUting^ 
Ift  single-phase  induction  motor  may  l)e  arrauged  to  start  as  a 
ihase  motor,  by  splitting  a  single- |)bas«  current,  and  using 


Fig.  .in. 

I  parts  of  the  split  current  exactly  as  one  would  use  two  gen- 
Wo-phase  currents, 
Kg.  314  shows  the  stator  of  a  2-horse-power  siugle-pbaae  iu- 

a  motor  of  the  Iloltzer- Cabot  Electric  Co.     One  set  of  stator 

be  "working  coils",  consist  of  many  turns  of  coarse  wire 
wing  throe-fourths  of  all  the  stator  slots,  and  the  other  set  of 

soils,  the  "starting  coils",  consist  of  fuwer  turns  of  fine  wire 

^ng  one-fonrth  of  all  ihe  slots. 
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At  starting,  botli  sets  of  coils  are  connected  to  the  single- 
phase  supply  mains,  and  tlie  difference  in  the  resistance  and  react- 
ance in  the  two  Bets  of  coils  splits  the  single-phase  current  anp- 
plied,  sufficiently,  to  give  a  slight  starting  torque.  This  type  of 
split-phase  induction  motor  cannot  start  with  any  cooeiderable 
load,  hence  the  load,  if  it  is  difficult  to  start,  should  he  thrown  on 
to  the  motor  hy  means  of  a  friction  clutch  after  the  motor  is  run- 
ning at  full  speed.  The  rotor  used  in  the  Iloltzer-Cahot  motor  is 
of  the  squirrel-cage  type. 

Fig,  315  shows  a  J-horse-power  single-phase  induction  motor 
made  by  the  (ieneral  Electric  Co.,  and  provided  with  a  condeuser 


Fi«.  m. 


which  is  connected  in  serii's  with  one  phase  (the  starting  coilsjof 
the  stator  windings  in  order  to  jgive  something  ajiproaching  SO" 
phase  difference  l)etween  the  split-pliaeo  cnrrents.  A  condenser 
for  a  given  volt-ainpcro  capacity  can  he  constructed  much  miw 
cheaply  for  high  than  for  low  voltage.  Therefore  the  condynW- 
compensator  made  by  the  General  Electric  Co.  is  provided  with* 
small  stL'p.up  transformer  (an  to -transformer)  so  that  the  condenwr 
may  be  designed  for  high  elect roitiotive  force. 

Fig.  316  shows  the  complete  cuiinectioDs  of  the  single-pba* 
induction  motor  of  the  Genenil  Electric  Co,  with  its  condeiififf- 
Gompensator;  the  condenser  is  shown  at  A/  "  represents  the  anlo- 
step-up-ti-ansformer.     The  main  stator  winding  of  tho  motor  is 
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(I  €?,  and  the  starting  winding  c  is  connected  to  the  middle  of  d  e  as 
shown.  Tlie  motor  is  thus  a  three-phase  motor  at  starting.  When 
the  motor  reaches  full  speed,  the  starting  winding  c  is  discon- 
nected, and  the  winding  d  e  then  operates  as  a  single-phase  winding. 

A  single-phase  motor  will  run  in  either   direction  equally 
well,  depending  only  upon  the  direction  in   which  it  is  started. 
Therefore  the  hand-started  motor 
may  be  started  in  either  direction. 

The  direction  of  starting  of  the       

split -phase  motor  may  be  reversed 
by  reversing  the  connections  of 
the  starting  winding. 

{p)  Repulsion  Motor  Start, 
ing.  If  an  ordinary  direct-current 
dynamo  were  provided  with  a  lam- 
inated field  magnet,  and  if  its  field 
magnet  were  excited  by  an  alter- 
nating current,  currents  would  be 
induced  in  the  armature  windings 
by  the  alternating  field,  provided 
the  brushes  of  the  direct  current 
machine  were  set  at  an  angle  of 
about  45°  (for  a  two-pole  machine) 
from  their  proper  position  for  col- 
lecting a  direct  current.  These 
currents  induced  in  the  armature  would  be  acted  upon  by  the  alter- 
nating field  so  as  to  produce  a  torque  which  would  cause  the  arma- 
ture to  rotate.  A  self-starting  single-phase  alternating-current 
motor  constructed  on  this  principle  is  called  a  repulsion  motor.  It 
is  not  entirely  satisfactory  in  operation,  but  the  repulsion -motor 
principle  furnishes  the  best  means  for  making  a  self-starting  single- 
phase  induction  motor,  that  is,  a  motor  which  is  arranged  so  that 
it  can  act  as  a  repulsion  motor  while  starting,  and  which  by  chang- 
ing certain  inside  connections  can  be  altered  into  an  induction 
motor  when  it  reaches  full  speed. 

Fig.  317  is  a  general  view  of  a  single-phase  induction  motor 
arranged  to  start  as  a  repulsion  motor,  and  built  by  the  Wagner 
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Fig.  316. 


Electric  Manufacturing  Co.     The  motor  shown  has  a  four-pole 
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atator  winding,  the  iron  etator  core  being  made  veiy  mQcIi  like  the 
core  of  ati  ordinary  induction  motor,  namely  in  the  form  of  aluii- 
inated  ring  closely  Burrounding  the  armature,  and  slotted  on  its 
inner  face. 

The  armature  is  of   the  ordinary  direct-current  drum  type 
provided  with  a  disc  commutator  with  radial  comrantator  ban. 


Fit,'.  •■HI- 
Four  (for  a  four-polo  uiiichiiie)  short-circuited  brushes  are  pressed 
against  the  face  of  the  disc-shaped  commutator  as  ebown  in  Fig. 
yi7.  At  starting  tlie  sttitor  winding  is  connected  to  the  single- 
phase  eupjily  mains,  and  the  machine  starts  as  a  repulsion  motor. 
Inside  of  the  armature  are  two  governor  weights  V,  Fig.  3IS, 
which  are  thrown  outwards  by  the  centrifugal  force  when  tbe 
machine  readies  full  speed,  thus  jiusbing  the  solid  copper  ring  K. 
into  contact  with  tbe  inner  ends  of  the  commutator  bars  L,  and 
thus)  eonijilelely  short-circuiting  tbe  armature  winding.  At  the 
same  time  barrel  I,  which  is  pushed  endwise  by  the  governor 
weights  and  which  carries  tbe  short-circuiting  copper  ring  K, 
pushes  the  brush  holder  or  rocker  arm  endwise,  aud  lifts  the 
brushes  off  the  commutator. 

In  starting  the  AViigner  single-phase  motor,  the  supply  volt- 
age is  usually  reduced  to  a   fnictional   part  of  the  full  runniug 
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voltage.  TLie  is  accomplished  by  tlie  use  of  a  aniall  etep-down 
transformer,  usnally  &u  auto-traiiBfoniier,  in  nmdi  the  same  way 
as  has  been  explainnl  in  connection  with  the  anto-etarter  or  start- 
ing compensator  for  two-phase  and  three-phaBe  induction  motors. 
143.  Tfie  Induction  Generator.  An  iiiductiun  motor  runs  as 
a  motor  at  a  speed  less  than  the  speed  of  the  rotating  inagnetiBm 
in  the  stator  iron  (synchronous  apeed),  Wlien  the  motor  load  is 
decreased,  its  speed  approaches  synchronous  speed,  and  the  intake 
of  power  from  the  alternating  current  mams  falls  oil  more  and 
more.  If  the  rotor  is  driven  by  an  external  source  of  mechanical 
power,  it  may  be  speeded  np  to  B\n<hroni8ni    in  which  case  the 
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intake  of  power  Ix cornea  7ero  {e\cept  for  core  loss  in  the  stator 
iron).  If  now  the  rotor  la  speeded  a/i'  ti  synchioniam  by  tlieexter- 
Dal  sonrce  of  power,  the  atator  windings  dt liver  power  to  the  alter- 
nating-current mains,  ywo'VAW  t/ie  if/tcni'/f'ii^-curtvnt  iji'iierator 
Temainx  coniiectnl  to  the  mainx  to  Ji.e  thf  frequency,  WLen  an 
indnction  motor  is  so  used,  it  is  called  an  iinhi'-thi-i  ijeiu'fitnr. 

144.  The  Frequency  Changer.  An  indnction  motor  pro- 
vided with  a  rotor  having  a  definite  winding  with  terminals 
brought  out   to  collector  rings,  see  Fig.  30C,  may  l>e  used  as  a 
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so-cMed /requency  changer.  When  the  rotor  stands  still,  the  rota- 
ting  stator  magnetism  induces  electromotive  forces  at  full  fre- 
quency, that  is,  of  the  same  frequency  as  the  alternating  currents 
supplied  to  the  stator.  If  the  rotor  runs  at  one-fourth  speed,  let 
us  say,  the  relative  speed  of  the  rotor  and  the  stator  magnetism  is 
three-fourths  of  the  speed  of  the  latter,  and  hence  electromotive 
forces  of  three- fourths  full  frequency  are  induced  in  the  rotor 
windings.  If  the  rotor  is  run  backwards  at,  let  us  say,  one-half 
of  the  speed  of  the  stator  magnetism,  then  the  relative  speed  of 
the  rotor  and  the  stator  magnetism  is  one  and  one-half  times  the 
speed  of  the  stator  magnetism,  and  electromotive  forces  of  one  and 
one-half  times  full  frequency  are  induced  in  the  rotor  windings. 

Examples,  A  certain  induction  motor  runs  at  one-third  syn- 
chronous speed  {n*  =  ^  ?2,  see  article  138),  then,  ignoring  stator 
losses,  all  of  the  power  delivered  to  the  stator  is  transmitted  to  the 
rotor,  and  of  this  total  power  one- third  appears  as  mechanical 
power  driving  the  rotor,  and  two-thirds  appears  as  electrical  power 
developed  in  the  rotor  windings.  This  electrical  power,  ignoring 
the  resistance  loss  in  the  rotor  windings,  is  delivered  to  the  rotor 
collecting  rings. 

Furthermore,  if  the  rotor  has  the  same  number  of  conductors 
as  the  stator,  then  the  electromotive  forces  between  collector  rings 
are  two-thirds  as  great  as  the  voltages  applied  to  the  stator  wind- 
ings, and  their  frequency  is  two-thirds  as  great. 

If  the  rotor  of  an  induction  motor  is  driven  backwards  by  an 
external  source  of  power  at  one-half  synchronous  speed  (/i/'  =  -  J  n\ 
then  all  of  the  electrical  power  delivered  to  the  stator  together 
with  the  mechanical  power  used  for  driving  the  rotor,  appears  as 
electrical  power  in  the  rotor  windings,  and  the  rotor  voltages  are 
one  and  one-half  times  as  great  in  value,  and  one  and  one-half 
times  as  great  in  frequency  as  the  voltages  applied  to  the  stator. 

The  stator  current  in  an  induction  motor,  or  a  frequency 
changer,  is  sufficient  at  no  load  to  magnetize  the  stator.  This  stator 
current  is  called  the  no-load  current  of  the  machine.  When  current 
is  taken  from  the  rotor,  an  equal  (and  opposite)  additional  current 
is  taken  from  the  supply  mains  by  the  stator  windings,  exactly  as 
in  the  case  of  the  transformer^  as  explained  in  article  82. 
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The  above  statements  are  based  on  the  assumption  that  the 
rotor  windings  are  exactly  like  the  stator  windings,  both  as  to  the 
number  of  conductors,  and  as  to  the  grouping  of  the  conductors 
into  separate  circuits  or  phases.  If  the  rotor  has  half  as  many 
conductors  as  the  stator,  the  rotor  voltages  are  halved  and  the 
rotor  currents  are  doubled,  other  things  being  equal. 

In  alternating-current  plants,  designed  primarily  for  the  trans- 
mission  of  power,  and  hence  using  a  low  frequency  (<'.y.,  25  to  40 
cycles  per  second),  there  is  sometimes  a  need  for  a  limited  amount 
of  current  of  a  higher  frequency.  To  meet  such  conditions,  a  fre- 
quency suitable  for  lighting  purposes,  00  cycles  or  more,  may  be 
cheaply  and  easily  obtained  by  means  of  the  frequency-changer. 
This  is  essentially  an  induction  motor  as  explained  above,  the  rotor 
of  which  is  driven  mechanically  by  an  auxiliary  synchronous  motor 
in  a  direction,  usually  opposite  to  its  natural  rotation.  The  current 
of  lower  frequency  is  fed  to  the  stator  windings  and  the  current  of 
higher  frequency  is  taken  out  of  the  rotor  windings  by  means  of 
collector  rings.  The  frequency  of  the  motor  current  will  depend 
on  the  speed  at  which  the  rotor  is  driven  as  explained  above.  Thus, 
if  the  rotor  is  driven  at  its  rated  8|)eo(l  but  in  a  direction  opposite 
to  its  natural  rotation,  the  frequency  of  the  current  delivered  by  it 
to  the  collector  rings  will  be  twice  the  normal,  or  if  run  at  half  the 
normal  speed  in  its  natural  direction,  the  frequency  will  be  one- 
half  the  normal.  To  change  a  current  with  a  frequency  of  40 
cycles  into  one  of  CO,  the  motor  would  be  run  at  one-half  speed  in 
an  opposite  direction,  while  to  obtain  00  cycles  from  a  25.cycle 
current,  the  rotor  would  run  nearly  one  and  one-half  times  the 
rated  speed  in  an  opposite  direction. 

The  total  power  delivered  to  a  frequency  changer  is  partly 
electrical  power  delivered  directly  from  the  low  fre(iuency  supply 
mains  to  the  stator  of  the  frequency  changer,  and  partly  mechan- 
ical power  delivered  by  belt  to  the  rotor  of  the  frequency  changer 
from  the  auxiliary  driving  motor.  The  power  output  of  the  fre- 
quency changer  is  wholly  electrical  and  in  the  form  of  increased- 
frequency  alternating  currents  from  the  rotor. 

Tlie  electrical  power  delivered  to  the  stator  of  the  frequence 
changer  is 
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and  the  mechanical   power  delivered  by  belt  to  the  rotor  of  the 
frequency  changer  is 

where  P  is  the  total  power  delivered  to  the  machine.  This  power, 
P,  is  nearly  equal  to  the  total  |)ower  delivered  by  the  machine  at  the 
increased  frequency,  being  a  little  greater  on  account  of  power  losses 
in  the  machine,  f  is  the  low  frequency  of  the  alternating  currents 
supplied  to  the  stator  of  the  machine,  andy*'  is  the  higher  frequency 
of  the  alternating  currents  delivered  by  the  rotor  of  the  machine. 

Therefore,  the  rotor  of  the  frequency-changer  must  be  designed 
for  the  total  out))ut  of  power  at  the  higher  frequency,  and  the 
stator  of  the  frecjuency  changer  must  be  designed  for  the  intake  of 
the  amount  of  ))ower,  J^^.,  which  is  supplied  to  it  electrically. 

For  example,  a  frequency -changer  rated  at  100  K.W.  to  change 
a  40-cycle  current  to  one  having  a  frequency  of  60  cycles  per  sec- 
ond would  he  made  up  as  follows: 

An  auxiliary  driving  synchronous  motor  rated  at  33.3  K.W. 
designed  to  take  current  from  4:()-cycle  mains  at  a  speed  of,  say, 
(>()0  r.p.m.  It  would  therefore  have  eiglit  poles.  Its  armature 
would  be  direct  connected  to  the  rotor  of  the  frequency -changer 
which  would  be  rated  at  100  K.W.  The  stator  of  the  frequency- 
changer  would  be  rated  at  ()().7  K.W.,  and  would  be  supplied  with 
current  having  a  fre(|uency  of  40  cycles  j)er  second.  If  wound  for 
four  poles,  the  synchronous  speed  (as  an  induction  motor)  of  the 
rotor  of  the  frecjuency-changL'r  would  be  normally  1,200  r.p.in. 
But  by  driving  the  rotor  (by  the  auxiliary  synchronous  motor)  at  a 
speed  of  r)00  r.p.m.  in  a  direction  oj)posite  to  its  natural  rotation, 
the  fre(juency  of  the  rotor  currents  will  be  that  due  to  an  equivalent 
s[)eed  of  l,i200  I  ^>00  ^^  1,800  r.p.m.;  corresponding  thus  to  a 
frecjueucy  of  00  cycles  per  second. 

For  the  sake  of  a  simple  illustration,  the  ratings  as  given 
above  are  based  on  the  assumption  of  a  100  j)er  cent  efficiency, 
which,  of  course,  on  account  of  the  unavoidable  power  losses,  is 
never  realized  in  practice. 
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It  is  evident  that  the  frequency-changer  can  at  the  same  time 
be  designed  to  change  the  electromotive  force  by  using  a  suitable 
number  of  turns  in  the  stator  and  rotor  windincrg.  It  can  also  be 
used  to  change  the  number  of  phases  of  the  system  by  providing  a 
rotor  wound  for  a  number  of  phases  different  from  that  of  the 
Btator.  For  instance,  it  may  l>e  designtHl  to  convert  from  three- 
phase,  6,000  volts,  and  25  cycles,  to  two- phase,  2,5(X)  volts,  and 
62.5  cycles.  On  account  of  this  flexibility  the  frequency-changer 
is  sometimes  called  a  "general  alternating-current  transformer". 

145.  Comparison  of  Synchronous  Motor  and  Induction  Motor. 
To  summarize  the  characteristic  behavior  in  service  of  synchronous 
and  induction  motors,  and  to  simplify  the  com|)arison  between 
them,  the  following  tabular  statement  in  j>arallel  columns,  prepared 
by  Mr.  C.  F.  Scott,  is  given. 

The  induction  motor  chosen  for  comparison  with  the  syn- 
chronous motor  is  of  the  so-called  ''  squirrel -cage"  type,  started  by 
applying  a  low  electromotive  force  to  the  primary  winding.  The 
description  following  will,  of  course,  require  modiflc^tion  in  some 
particulars,  if  the  secondary  is  furnished  with  adjustable  resistance, 
but  these  modifications  are  of  minor  im])ortance  and  do  not  affect 
the  general  comjyarison. 


SYNCHRONOUS  HOTOR. 


INDUCTION  MOTOR. 


AUXILIARY  APPARATUS  REQUIRED. 


1.  A  starting  motor;  or,  if  self- 
Btartiug,  some  form  of  reHiHtauee  or 
trauBfonuer  for  reducing  the  volt- 
age. 

2.  An  exciter,  driven  by  the  mo- 
tor or  otherwise,  with  circuits  to 
switchboard  and  motor. 

3.  Rheostats  for  exciter  and  mo- 
tor. 

4.  Instruments  for  indicating 
when  field  current  is  i)roperIy  ad- 
justed. 

6.  Main  switch  and  exciter 
switches. 

6.  A  friction  clutcli  is  re(iuired 
in  many  cases. 


1.  A  two-way  main  switch  with 
auto-transformers  giving  a  low 
E.M.F.  for  starting.  Tliis  may  be 
at  any  dintanee  from  tlie  motor. 

*2.     No  exciter  is  required. 


3.  No  field  rlieostats    are  re- 
(juired. 

4.  No  instruments  are  required. 


o.  No  exciter  switches  are  re- 
quired. 

6.  No  friction  clutcli  is  requireil, 
as  the  motor  starts  its  load. 
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CONSTRUCTION. 


SYNCHRONOUS  MOTOR. 

1.  Field  winding  with  many 
turns.  Liable  to  accident  from 
"field  discharge ^^  if  exciting  cur- 
rent is  suddenly  broken ;  or  from 
high  K.M.F.  by  induction  from  the 
armature  if  the  Held  circuit  is  open. 

2.  Collector  rings  and  brushes. 


INDUCTION  MOTOR. 

1.    Secondary,  short-circuited. 


2.    No  moving  contacts  on '  'squir- 
rel cage  "  secondary. 


NORMAL  STARTING. 


1.  Motor  is  bn)ught  up  to  speed 
without  load  ;  if  starting  motor  is 
used,  the  main  motor  must  be 
brought  to  proper  speed  and  "syn- 
chronized"; if  self-starting,  the 
starting  devices  must  be  cut  out  of 
circuit  at  the  proper  time. 

2.  Exciter  is  made  ready  for  de- 
livering proper  current  and  the 
motor  Held  must  be  excited,  ad- 
justments being  made  until  instru- 
ments give  proper  indication. 

H.  lioad  i8  til  row  n  on  by  friction 
clutch  or  otlier  means. 


1.    Throw  switch  to  starting  and 
then  to  running  position. 


2.  There  is  no  exciter.  (The  mo- 
tor is  magnetized  by  lagging  cur- 
rent from  the  generator.) 


3.     Tlie  motor  starts  its  own  load. 


ABNORMAL-STARTINQ. 


1.  If  tlie  several  operations  in 
starting  be  performed  improperly 
or  in  wrong  onler,  injury  may  re- 
sult. If  a  starting  motor  is  use<l, 
the  synchrtinizing  may  beat- 
tempteii  at  an  impmper  speed  or 
phase  ;  if  the  motor  is  self-starting 
and  it  is  connected  to  the  circuit 
without  the  starting  devices,  a  large 
current  will  flow  which  may  induce 
a  high  P'.M.F.  in  tlie  lield  circuit ; 
if  the  field  cinniit  be  open,  a  high 
E.M  F.  may  be  induced  in  it  at 
other  times  also. 

2.  If  a  load  having  inertia  l>e 
applieil  liy  closing  the  friction  clutch 
ttK)  cjuickly  the  motor  may  l>e  over- 
loaded and  stoppeil. 

8.  If  motor  stops  owing  to  fail- 
ure of  current  supply,  it  is  not  self- 


1.  The  only  possible  error  is  in 
starting  with  the  switch  in  the  run- 
ning or  full  voltage  position,  which 
simply  causes  the  motor  to  exert  a 
greater  torque  and  consume  a 
greater  current  than  is  uecessar\\ 


2.    The  motor  starts  its  own  load 
and  re<iuires  no  friction  clutch. 


8.    The  motor  will  stop  if  the  cur- 
rent is  cut  off  at  the  power 
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SYNCHRONOUS  MOTOR. 


INDUCTION  MOTOR. 


starting  when  the  current  returns,      and  then  start  again  when  the  eur> 
An  attendant  is   always  required      rent  is  supplied  to  the  circuit, 
for  starting. 

STAimNa  AND  MAXIMUM  RUNNING  TORQUE. 


1.  The  starting  torque  of  the  self- 
starting  motor  is  very  small  and 
an  excessive  current  is  required 
for  developing  it.  The  motor  starts 
as  an  induction  motor,  but  ineffi- 
ciently, as  the  design  which  is  best 
for  synchronous  running  is  not  good 
for  starting. 

2.  The  maximum  torque  is  sev- 
eral times  the  full  load  ton|ue,  and 
occurs  at  synchronous  speeil ;  be- 
low this  speed  the  torque  is  very 
small ;  any  condition  which  mo- 
mentarily lowers  the  speed  causes 
the  motor  to  stop. 


1.  The  starting  tort|ue  is  adjusta- 
ble and  may  be  several  times  full 
load  torque. 


2.  The  maximum  toniue  is  usu- 
ally greater  than  that  of  tlie  syn- 
chronous motor,  but  it  tntnirs  at  a 
reiluce<l  si>eeil  and  there  is  a  large 
toDjue  at  lower  speeds. 


SPEED. 


1.  The  motor  has  a  single  deli  n  ite 
speed  ;  at  other  speeils  its  torque  is 
very  small,  and  the  current  is  very 
large. 


1.  The  motor  may  be  designe<l 
for  a  practically  constant  spee<l, 
with  large  tongue  at  lower  speeils: 
or  for  several  definite  speeils  by 
changing  the  number  of  poles;  or 
for  variable  speeil,  for  cranes,  eleva- 
tors, lioists  and  the  like. 


CURRENT. 


1.  If  there  is  useful  starting 
torque  the  current  re<|uired  for  pro- 
ducing it  is  ver>'  great. 

2.  The  running  current  depends 
upon  the  wave  form.  If  the  wave 
form  of  the  motor  and  of  the  circuit 
difler,  a  corrective  current  will  fol- 
low, which  cannot  be  eliminated  by 
adjustment  of  field  excitation. 

3.  The  running  current  depends 
upon  uuifonnity  of  alternations  of 
the  current,  /.e.,  upon  the  uniform- 
ity of  the  speed  of  the  generator  and 
other  synchronous  motors.  The  mo- 
tors attempt  to  follow  the  generator 
speed  exactly.  If  the  latter  pulsates, 


1.  The  starting  current  may  l>e 
made  proportional  to  the  ton|ue, 
and  is  IX  to  2>i  times  that  requiretl 
for  the  same  tonjueathigh  speed. 

2.  The  running  current  is  prar- 
tically  independent  of  thedilterenoe 
in  wave  form,  as  it  has  no  wave 
form  of  its  own. 


3.  The  current  is  practically  in- 
dependent of  fluctuations  in  gener- 
ator speed,  as  there  is  a  slip  between 
the  synehnmous  and  the  actual 
speed  of  the  motor. 
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SYNCHRONOUS  MOTOR. 

the  motors  pulsate  also;  they  vibrate 
about  a  mean  positiou,  "  huutiug" 
or  *'  pumping."  One  motor  pump- 
ing incites  others.  The  current  is 
increased  even  though  the  condi- 
tions may  still  be  operative. 

4.  The  running  current  depends 
upon  the  relation  between  the  field 
current  (which  is  adjusted  by  the 
attendant)  and  the  K.M.P.  of  the 
circuit.  The  main  current  may  be 
made  leading  or  lagging  or  theoret- 
ically it  may  be  neither.  The  E.M.F. 
of  the  circuit  is  an  element  which  is 
under  the  partial  control  of  the  at- 
tendants at  every  motor,  as  well  as 
at  the  generator  station. 


INDUCTION   MOTOR. 


4.  The  current  is  not  subject  to 
any  adjustments  which  the  motor 
attendant  can  make,  nor  is  the 
E.M.F.  of  the  circuit  in  any  way 
under  his  control. 


POWER  FACTOR. 


1.  As  the  power  factor  is  the  re- 
lation between  actual  current  and 
energy  current,  it  is  dependent  upon 
wave  form,  hunting,  and  field  cur- 
rent, ['nder  favoral)le  conditions, 
the  motor  may  have  a  high  power 
factor;  under  many  actual  condi- 
tions it  may  not ;  under  some  con- 
ditions the  highest  attainable  ])()wer 
factor  is  less  than  that  of  the  iiidiic- 
tion  motor. 

2.  The  current  may  he  hiju^ging 
or  leading. 


1.  The  power  factor  varies  with 
load,  but  is  definite  and  is  practi- 
cally independent  of  wave  form  and 
hunting. 


2,    The  current  to  the  motor  is 
always  lagging  current. 


REACTION  UPON  GENERATOR  AND  CIRCUIT. 


1.    The  motor  impresses  its  own 
wave  form  on  the  circuit. 


2.  A  motor  may  augment  the 
fluctuations  in  generator  speed  by 
tiie  oscillation  of  its  own  armature. 
One  motor  may  increase  the  dis- 
turbance in  the  circuit  so  as  to  in- 
terfere with  other  motors  not  other- 
wise seriously  affected. 

8.  As  the  current  may  be  either 
lagging  or  leading,  the  droj)  in 
E.M.F.  in  tlie  generator,   and  be- 


1.  The  motor  lias  no  wave  form 
to  impress  upon  the  circuit;  its 
tendency  is  to  smooth  out  irregu- 
larities in  a  wave  not  a  sine. 

2.  The  motor  has  a  damping  ac- 
tion u])on  fluctuations  in  frequency; 
in  some  cases  a  synchronous  motor 
which  hunts  may  run  smoothly 
when  an  induction  motor  is  con- 
nected to  the  same  circuit. 

8.  Tlie  drop  in  E.M.F.  is  always 
greater  than  would  be  caused  by 
non-inductive  load. 
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SYNCHRONOUS  MOTOR. 

tween  generator  and  motor  mmy  be 
either  more  or  leae  thmn  thmt  which 
oould  be  caused  by  a  non-tnductive 
load  or  by  an  induction  motor. 

4.  If  a  short-cireuit  occurs  in  the 
tranamiMion  system,  the  motor  act» 
as  a  generator,  which  thereby 
greatly  increases  the  current  aud 
the  intensity  of  the  short-circuit. 

5.  If  the  circuit  is  opened,  either 
by  a  switch,  a  circuit  breaker,  a  rut>e. 
or  the  breaking  of  the  line,  the  mo- 
tor speed  falls,  its  K.M.F.  is  uo 
longer  in  phase  with  that  of  the  cir- 
cuit; the  two  are  thereiiy  adde^l, 
thus  doubling  the  normal  E.M.F. 
and  bringing  increased  St  raiui*  on  the 
insulation  and  the  openiuirdevice:<. 


N   MOTOR. 


4.  The  motor  does  not  generate 
current  when  there  is  a  short-cir- 
euit. 


•5.  The  motor  does  not  generate 
K.M.F  when  it  is<dii«conneeted  from 
the  circuit. 


CAUSES  WHICH  HAY  ACCIDENTALLY  STOP  A  MOTOR. 

1.     Monien  tary  lowering  of 


1.  Momentary  lowering  of 
E.M.F.  caused  by  short  circuit  on 
the  line,  or  by  accident  at  another 
motor,  or  by  error  in  synchronizing 
a  generator,  or  by  the  ''switching 
over"  of  the  motor  from  one  circuit 
to  another,  is  apt  to  cause  the  mo- 
tor, particularly  if  carrying  load,  to 
fall  fh>m  synchronism  and  stop. 

2.  A  heavy  load,  even  nionien- 
taiy,  may  exceed  the  limiting 
torque  and  cause  the  motor  to  drop 
fh>m  synchronism,  even  though  tlie 
load  be  removed  immediately.  The 
connection  between  generator  and 
motor  is  rig^d. 

8.  If  the  generator  speed  sud- 
denly increases,  a  motor  carr^'ing  a 
load  having  inertia  may  be  unable 
to  increase  its  speed  quickly  with- 
out exceeding  the  limiting  torcjue, 
which  will  cause  the  motor  to  stop. 

SUMMARY. 

1.  The  motor  is  an  active  elenien  t 
in  the  system  ;  it  acts  as  a  genera- 
tor in  impressing  its  own  wave 
form,  its  £.M.F.  and  its  fluetua- 


K.M.F.  causes  momentary  decrease 
in  M(>eed. 


2.  An  excessive  load  receives  the 
Btored  energy  of  the  motor  aud  of  the 
load  itself  as  the  motor  speed  falls ; 
when  the  excess  load  is  remove<l 
the  motor  speecl  increases  again. 
The  connection  between  generator 
aud  motor  is  elastic. 

3.  The  motor  readily  follows 
changes  in  generator  speeil. 


1.    The  motor  is   a  passive  ele- 
ment in  the  system.    Kach  motor 
attends  to  its  own  work  auf* 
not  try  to  run  the  system. 
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IMMJCTIOK   MOTOR. 


XMOii  xjtLC  lilt  "-iKd.    Tbese  f  &t^ 
■dsscs.!  kiK. 

t«EC«iMSt  t±fee  dears 

±.    Tbe  motor  is  noi  sen^tive  to 
in  the  deacn  of  oilier 
of^ntiiig  oQ  the  smme 


lit  tbe  $y^<«aiL.'   Its^: 

fiU  cf «xmxkic  ml«o<iepeEMi^  Mfc«i  tbe 

f«rc-f<^  AdjG^^tBiezit  &Dd  fneedoBD 

iK4iC4«w    It  i^  ^imc*je  to 

coDditJoii:^.  soch  ft$  a  fsaddcn  o^  er- 
knd  Mnd  sodden  izk«zeft««  of  gtsyet- 
Ator  5f«ed  or  a  moiDezitJLnr  f%ll  in 
JELM-F. 

o.  Tbe  iDotc^-  RK^mies  skill  iknd 
cmre  on  tbe  p^rt  of  tbe  aitendJLQt 
for  starting,  for  readjusting  and  for 
keeping  tbe  varkHis  brushes  and 
auxiliaiy  apf<aratus  in  ev^nditioD. 

4.  Tbe  f-?wer  f^-ur  :>  un-ier  the 
coDtrvM  C'f  the  op^ntv-r  SLii-i  ihe  cur- 
rent niav  l«  mS'ie  le^iiiii:  or  '.^4;:- 

onler  that  j  n.»f«rr  ad;u?>tmei:U  may 
be  made  tv  the  atieii«iai.l. 


A.  No  expericnee  and  deetrical 
skill  are  required  of  the  attendant 
and  there  is  little  or  nothini^  to  get 
out  of  Older  either  throng  earelew- 
nests  or  design. 

4.  The  motor  has  a  definite 
j<»wer  factor,  depending  upon  the 
iKt^d  :  the  out-of-phase  current  does 
lioi  \  arv  ffivativ  at  different  loads. 
The  chausring  load,  therefore,  has 
i;v'mfjaraiively  little  e fleet  upon  tbe 
drv.p  in  Voltage  and  in  regular  sen- 
ice  there  is  little  liability  that  the 
motor  will  disturb  the  E.M.F.  of 
the  eirx-uit. 
5.    The  motor  and  its  oj-eraiion  -5.    The  motor  and  its  operation 

are  complex  and  invohe  many  pos-      are  simple  and  reliable. 

sibilities  of  accident. 

Tlie  SYDchronons  motor  is  obrionsly  not  snitable  for  general  dis- 
tribution of  pjower.  owiiiix  [»anicularlv  to  its  lack  of  starting  torqne. 
the  skill  rc<juircd  in  attendance,  and  the  liability  of  the  motor  to  sloj» 
if  the  conditions  l>ecome  abnormal.  These  objectionable  features, 
however,  are  of  mnch  less  importance  when  motors  are  installed  in 
substations  or  are  of  sufficiently  larcre  size  to  justify*  an  attendant. 

The  characteristic  of  the  synchronous  motor  which  may  In* 
particularly  advantageous  is  the  fact  that  the  power  factor  of  the 
current  can  l>e  varied  and  that  the  current  may  be  made  leading. 
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MOTOR-QENERATORS. 

146a.  Direct  current  may  be  obtained  from  an  alternating 
current  circuit  or  circuits  by  the  rotary  converter  or  by  a  motor- 
generator.  A  motor-generator  for  alternating-current  work  con- 
sists of  an  alternating-current  motor  driving  one  or  more  direct- 
current  generators.  The  motor  may  be  of  the  induction  or  of  the 
synchronous  type.  In  either  case  the  motor  is  usually  mounted  on 
the  same  base  with,  and  mechanically  coupled  to,  the  generator. 

A  motor-generator  employing  a  synchronous  motor  does  not 
seem  to  possess  any  essential  advantages  over  the  rotary  converter, 
except  in  some  cases  where  the  inde{)endent  control  of  the  direct- 
current  voltage  is  desired.  The  use  of  the  synchronous  motor  does 
not  remove  the  objections  to  the  rotary  converter  which  are  based 
on  the  fact  that  it  is  a  synchronous  machine. 

A  motor-generator  employing  an  induction  motor  has  the 
advantage  of  using  induction  instead  of  synchronous  apparatus, 
thereby  securing  many  of  the  advantages  summarized  above  in  the 
comparison  between  synchronous  and  induction  motors. 

Circuits  which  are  supplied  by  alternating-current  generators 
in  which  the  speed  has  a  rapid  and  periodic  fluctuation,  or  in 
which  for  any  other  reason  the  conditions  are  such  as  to  cause 
"hunting"  in  synchronous  machines,  may,  however,  satisfactorily 
operate  an  induction  motor  driving  a  generator.  The  various  char- 
acteristics of  the  induction  motor  under  emergency  conditions, 
such  as  a  sudden  overload,  momentary  interruption  or  lowering  of 
the  voltage  of  the  supply  circuit,  may  cause  little  or  no  inconveni- 
ence if  the  induction  motor  is  used,  whereas  it  might  cause  serious 
interruption  to  a  rotary  converter  or  a  synchronous  motor.  The 
induction  motor  driving  a  generator  is  also  to  be  preferred  where 
the  size  of  the  units  is  quite  small  and  the  attendance  is  unskilled. 
The  armature  for  the  induction  motor  should  in  general  be  of  the 
squirrel-cage  type  as  the  required  starting  torque  does  not  exceed 
20%  of  full-load  torque,  and  the  required  starting  torque  can  be 
obtained  with  about  full-load  current. 

The  rotary  converter,  like  the  synchronous  motor,  is  not  suit- 
able for  general  distribution  in  small  units.  It  has  the  advantage 
over  the  motor-generator  in  point  of  cost,  there  being  but  one 
machine  instead  of  two;  in  point  of  efficiency,  there  being  the  loss 
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in  one  machine  instead  of  two;  and  in  its  effect  upon  the  voltage 
of  the  transmission  system  as  a  whole,  as  it  may  be  eompoanded 
to  overcome  the  drop  which  wonld  otherwise  occur  in  generator 
and  transmission  circuit. 

On  the  other  hand,  the  electromotive  force  of  the  direct  cur- 
rent delivered  by  the  converter  has  a  more  or  less  fixed  relation  to 
the  electromotive  force  of  the  alternating  currents  supplied;  whereas 
the  electromotive  force  of  a  motor-driven  generator  is  independent 
of  the  electromotive  force  of  the  supply  circuit,  and  it  may  bead- 
justed  or  compounded  as  may  be'desired.  In  practice,  however,  it 
is  found  that  the  voltage  delivered  by  a  rotary  converter  can  be 
satisfactorily  adjusted  and  controlled  by  regulating  devices  or  by 
compounding,  so  that  usually  the  close  relation  between  the  elec- 
tromotive forces  at  the  two  ends  of  the  converter  is  not  disadvan- 
tageous, provided  the  electromotive  force  of  the  supply  circuit  is 
reasonably  constant.  Tliis  statement  applies  to  those  cases  where 
a  practically  constant  direct-current  voltage  is  desired.  There  are, 
of  course,  special  cases,  in  which  the  voltage  is  to  be  adjusted  over 
a  wide  range,  or  where,  for  other  reasons,  the  motor-generator  is 
to  be  preferred.  In  many  cases  the  motor  may  be  0{)erated  with- 
out requiring  step-down  transformers,  whereas  they  would  be 
nei'essary  with  rotary  converters. 

Motor-jxenerator  sets  are  often  used  in  central  stations  in  con- 
nection  with  arc-liixhli"iX  service.  In  these  cases  alternatinrr-cnr- 
rent  motors  are  used  for  driving  arc-lighting  generators,  as  in  the 
large  plant  of  the  Buffalo  (general  Electric  Company.  They  are 
also  used  in  some  places  for  supplying  three-wire  direct -current 
lighting  circuits  from  alternating-current  mains. 

Slotor-ijenerators  are  often  used  in  central  stations  for  fur- 
nisliing  direct  current  to  the  lield-niagnet  windings  of  alternators, 
the  direct-current  generator  part  of  the  set  acting  as  the  exciter 
for  one  or  more  large  alternators.  The  alternating  current  sup- 
plied to  the  (synchronous  or  induction)  motor  end  of  the  motor- 
generator  set,  is  taken  from  the  main  station  bus-bars,  and  stepped- 
down  by  means  of  reducing  transformers  to  a  safe  voltage. 

Examples  of  this  use  of  motor-generator  sets  are  to  be  found 
in  the  immense  power  stations  of  the  Manhattan  Eailway  Co.,  and 
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the  Metropolitan  Railway  Co.,  of  New  York  City,  and  in  many 
other  places. 

Another  use  for  motor-generators  is  as  frequency  changers 
(or  converters).  In  such  cases  they  are  used  for  transforming  an 
alternating  current  of  one  frequency  to  another  alternating  current 
of  higher  or  lower  frequency,  usually  the  former.  The  current 
may  be  transformed  from  three-phase  to  two-phase  (or  vice  versa) 
at  the  same  time.  Thus  it  might  be  required  to  supply  a  two- 
phase  60-cycle  lighting  system  from  a  2o-cycle  three-phase  trans- 
mission system,  with  or  without  change  of  voltage. 

A  motor-generator  set  built  by  the  General  Electric  Company 
is  shown  in  Fig.  319.  It  consists  of  a  combination  of  three  distinct 
machines,  all  mechanically  coupled  to  the  same  shaft,  viz.: 

1.  A  three-phase  synchronous  motor,  of  the  revolving-field  type. 

2.  A  three-phase  alternator  also  of  the  revolving-field  type. 

3.  A  direct-current  generator  acting  as  an  exciter  for  the  fields  of 
both  the  alternator  and  the  synchronous  motor. 

SUMMARY  OF  DATA  FOR  FIQ.  3iq. 

SvnehronouH  >rotor  Alternator  Exciter 

No.  of  poles '                8                               12  10 

Rated  output  (K.W.)  27.5                             250  10 

Kjpeed 570                               570  570 

!•  requency 38                               67  — 

Volte —                              —  60 

This  particular  motor-generator  set  is  designed  to  be  used  as 
a  frequency-changer  to  change  from  38  to  57  cycles  per  second. 
The  three-phase  alternating  currents  having  a  frequency  of  38 
cycles  per  second  are  led  into  the  stationary  armature  terminals  of 
the  synchronous  motor  (shown  next  to  the  pulley  in  Fig.  319). 
The  motor  having  eight  field  poles,  its  synchronous  speed  is  570 
r.p.m.;  and  since  both  the  alternator  and  the  exciter  are  coupled  to 
the  same  shaft,  all  the  machines  run  at  570  r.p.m. 

The  alternator  having  12  field  poles,  the  frequency  of  its 
induced  electromotive  forces  is  57  cycles  per  second.  Hence  the 
three-phase  alternating  electromotive  forces  induced  in  the  station- 
ary armature  of  the  alternator  have  a  frequency  50%  higher  than 
the  alternating  currents  supplied  to  the  driving  synchronous  motor. 

Fig.  820  is  a  view  of  a  motor-generator  set  built  by  the  Gen- 
eral Electric  Co.     It  consists  of  a  compound-wound  direct-current 
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a^eed  of  fijnelironous  motors  makes  them  especially  well  suited  to 
Iriving  electric  generators. 

I  Fig.  322  shows  an  801)- horse -power  Bullock  two-phase  syn- 
^hroQoas  motor  directly  coupled  to  two  direct-current  generators, 
]  three  machines  being  mounted  on  the  same  bed-plate. 
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equal  to  the  ootpnt  of  the  generator  plos  the  losses  in  the  gener- 
ator. The  losses  in  the  generator  arv:  the  PR  loss  in  the  anna- 
tare,  bmsh  and  bearing  friction^  and  windage  loss«  and  the  oorv 
loss  due  to  hysteresis  and  eddy  carrvnts. 

The  field  being  separately  excited,  the  field  loss  need  not  be 
considered.     The  field  current  must,  however,  be  kept  constant. 

During  the  heat  run«  the  following  observations  are  regularly 
reeoided: 


MOTOR.  GEXERATOR. 


Volti. 


Amperes.  Speed.       Volts.  .  Amperes    Am|>ere8    Si^eetl. 

.  Armature.     Field. 


Kow  the  PR  loss  in  the  generator  armature  can  l>e  calculated 
from  the  current  flowing,  and  the  resistance  of  the  armature. 

To  determine  the  stray  power  losses  (^equal  to  all  the  losst^s 
eaeept  PB)  proceed  as  follows: 

.Dlsoonnect  the  motor  from  the  alternating-current  mains,  and  run 
tlM  eombination  of  motor  and  generator  from  the  direi'tHUirrent  end,  at 
the  came  speed  as  that  recordeil  during  the  run,  the  direi*t-<*urrent  machine 
being  uow  used  as  a  motor.  Its  lield  is  excited  to  the  same  value  that  it 
had  during  the  run.  The  speed  is  adjuste<l  to  the  right  value  by  varying 
ttie  voltage  supplied  to  the  direct-current  machine  used  as  a  motor. 
When  the  speed  is  correct,  record  the  amperes  and  volts  taken  by  the 
direct-current  machine.  Next  the  belt  is  thrown  ot\\  and  the  voltage 
supplied  to  the  armature  terminals  of  the  direct-current  motor  is  ailjustetl 
until  proper  speed  is  attained,  the  Held  current  remaining  as  before,  and 
the  input  of  power  is  again  recorded. 

LetW,  =  the  watts  input  to  the  diroct-current  motor  with 
the  belt  off; 
Wj  =  watts  at  same  speed  to  drive  both  machines  with 

belt  on; 
C   --=  core  loss  of  direct-current  machine; 
F   =  friction  of  direct-current  machine  without  bolt; 
Y^  =^  friction  of  induction  motor  without  belt; 
y*    =  increase  of  bearing  friction  of  direct-current  machine 

due  to  belt  tension; 
y,    =^  increase  of  friction  of  iK^arincra  of  induction   motor 
due  to  belt  tension. 
Then  W,  =  C  +  F  (1) 
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and  W,  =  C  +  F  +  F, +/. +/  (2) 

Subtracting  (1)  from  (2)  we  get 

W,-W,  =  F, +/,+/ 
or  W,-W,-F,=/  +  /, 

Now,  since  the  two  machines  are  of  aboat  the  same  size,  we 
may  assume  that  the  increase  in  friction  of  each,  due  to  belt  ten- 
sion, is  the  same,  so  that : 


f=f^  = 


2 


But  Fj,  the  friction  of  the  induction  motor,  can  be  determined 
as  described  under  core-loss  test.  Hence  we  have  the  following 
expression  for  the  stray-power  loss  of  the  generator : 

W  -Wo-F 

Stray-power  loss  —  W,  -\ ' ^ ^ 

Total  output  of  motor  =  Stray  power  loss  of  generator  +  EI 
+  PR. 

This  expression  gives  an  exact  method  of  determining  the  out- 
put of  any  kind  of  motor,  by  using  a  direct -current  generator  as  a 
load.  If  F,  is  unknown,  we  may  neglect  the  increase  of  l)earing 
friction  due  to  belt  tension,  giving  results  sufficiently  accurate  for 
a  heat  run. 

147.  Breakdown  Test.  The  l)reakdown  test,  as  in  the  case 
of  a  synchronous  motor,  is  to  determine  the  maximum  output  of 
the  motor,  that  is,  the  load  which  will  cause  the  motor  to  ••*  break 
down''  and  stop.  To  make  this  test  the  load  on  the  motor  is  in- 
creased, until  the  motor  breaks  down,  the  maximum  output  l)eing 
noted.  It  is  essential  that  the  alternating  currents  be  sup|>Iie<l  to 
the  motor  at  normal  voltage.  As  the  tongue,  and  therefore  the 
maximum  output,  varies  as  the  s(|uare  of  the  voltage,  the  results 
obtained  bv  this  test  will  not  l)e  accurate  unless  the  voltatres  an- 
plied  to  the  stator  windings  are  kept  constantly  at  normal  value. 
If  for  any  reason  it  is  impossible  to  load  the  motor  to  the  break- 
down ])oint,  tlie  voltJige  may  be  reduced,  and  the  maximum  load 
at  normal  voltage  may  be  calculated  from  the  value  obtainiHl  at 
the  reduced  voltage  by  multiplying  the  observed  maximum  load 
/normal  voltage \" 
•^  V  red  need  voltaire/ 
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If,  for  example,  an  indtiction  motor  rated  at  50  II. P.  gives  a 
maximum  output  of  25  II. P.  at  one-lmlf  its  rattKl  voltape,  its  itia\. 
imam  output  at  normal  voltage  wouM  be  approximately  100  II.P. 

The  most  convenient  way  to  load  the  inotor  in  the  above  test 
is  to  belt  it  to  a  direct-current  generator  as  previously  exjilained. 
To  determine  the  output  of  the  induotioD  motor,  from  observations 
on  the  direct-current  generator,  procee<l  in  the  same  manner  as 
described  under  heat  nm. 

In  commercial  work  it  is  not  customary  to  run  this  test  to  the 
breakdown  point.  The  usual  method  is  to  iiiid  out  if  the  motor 
will  stand  50%  overload  without  breaking  down.  When,  how- 
ever, it  is  desired  to  obtain  a  fnll  set  of  data  on  a  machine,  the  test 
is  carried  to  the  breakdown  point. 

i48.  Starting  Torque  Test.  Tlie  stationary  or  starting 
torque  developed  by  a  motor  determines  the  anionnt  of  load  under 
which  it  will  start. 
To  perform  this 
test  a  brake  is 
clamped  to  the 
pnlley  as  shown  in 
Fig.  323.  A  is 
the  center  of  the 
pnlley;  B  is  the 
point  of  suspen- 
sion of  the  brake 
arm  from  the 
spring  dynamom- 
eter S;  C  is  a  ref- 
erence pointer, 
carried  on  a  etandard. 


Ftg.  323. 


1  a  horizontal  line  through  the  center  of  the 
pnlley.  The  spring  Swill  measure  the  tangential  fort-e  exerted  hy 
the  motor  at  a  radius  AB  when  li  has  moved  down  to  the  point  C, 
and  the  spring  dynamometer  S  is  suspended  vertically. 

The  reading  of  S  will  be  affected  by  the  friction  in  the  motor 
bearings.  The  following  procedure  will  eliminate  this  error: 
Fasten  to  the  brake  arm  a  weight  W,  snflicient  to  overcome  the  fric 
tion  of  the  bearings,  so  that  the  arm  if  left  unsupported,  will  always 
be  carried  downward  byitsweight.    By  slowly  raising  and  lowering 


ftr 


7  -  W  = 


fcirt  (r<wo  a>ifl«ft  w*  has*  W  =  — ~ — . 

KafMtitnting  tt^iU  tsIim:  of  W  ve  iuTe 

T  —  ''  ~  ^        "  —  * 
2  2 

fi)'  thtfi  method  both  the  weight  of  the  bnke  arm  aod  the 
ti"n  "f  rMtt  in  the  hearing*  are  eliniiDated. 

T«f  e»Trj  'Hit  thin  test,  this  set  of  obserrations  is  repeab 
M  mail)'  valii*^  of  the  cnrrent  in  the  motor,  as  desired.  The 
rant  nh'rnl']  range  at  least  from  one-half  to  twice  the  normal 
|t«(|  .  iirii'Jil.  'V'l  'iSjlair.  ihi'  il,'-,irf<l  riirr.-;it.  llie  voltage  a 
ittw  tii'tliir  Ivritiitinln  iiiu*t  Ih>  niiiilftcil. 


•  -^-^ 
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PART  VI. 


149*  Core  Lx>ss  Test.  The  core  loss  of  an  induction  motor 
cannot  be  measured  by  the  method  used  in  the  case  of  a  synchron- 
ous motor  or  alternating-current  generator,  namely,  by  driving  it 
by  a  direct-current  motor  and  observing  the  motor  input  for  vari- 
ous voltages  generated,  since  an  induction  machine  will  not  gen- 
erate electromotive  force  unless  it  is  connected  to  the  mains.  If 
it  is  connected  to  the  mains,  the  mains  may  supply  power  to  it, 
and  hence  the  power  supplied  by  the  direct-current  motor  is  not 
the  total  power  delivered  to  the  machine. 

The  core  loss  is  measured  in  the  same  manner  as  in  the  case 
of  a  transformer,  namely,  by  connecting  it  to  the  alternating-cur- 
rent mains  at  normal  voltage  and  frequency,  and  measuring  the 
watts  input  at  no-load.  There  is  this  difference,  however,  between 
the  case  of  the  transformer  and  that  of  an  induction  motor,  that, 
whereas  in  the  former  the  power  is  practically  all  used  up  as  core 
loss,  in  the  latter,  part  of  the  power  goes  to  supply  the  friction  and 
windage  losses  of  the  motor,  and  the  appreciable  I^R  loss  in  the 
stator  windings. 

When  an  induction  motor  is  run  at  no-load,  the  speed  remains 
practically  constant  as  the  voltage  is  reduced,  until  the  motor 
breaks  down.  The  power  input  to  the  motor  (at  no-load)  at  any 
voltage  consists  of  the  core  loss  at  that  voltage  plus  the  friction 
and  windage  loss  plus  the  I^R  loss.  But  the  friction  and  windage 
loss  is  nearly  constant  at  constant  speed,  therefore  the  watts  input 
to  the  motor  at  various  voltages  consist  in  part  of  the  constant 
friction  and  windage  loss,  and  in  part  of  the  variable  core  loss. 
Such  a  series  of  observations  on  a  one-II.P.  550-volt  3-phase  motor 
is  shown  plotted  in  Fig.  324.     The  voltage  can  be  reduced  to  the 
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[■oini  at  which  tbtr  motor  breaks  down;  beyond  this  we  canootgD. 
As  the-  ordioattrs  on  this  cnrre  are  eqnal  lo  the  sum  of  a  coosUnt 
and  a  variable  fan.  and  siiiof  at  zero  rultage  the  rariable  part  be- 
conitrg  zf  ro.  it  follows  that  if  we  prolong  the  carve  as  shown  in  the 
dotted  portion  until  it  crosses  the  axis  of  watts  (that  is  for  lero 
volts',  the  value  intercepted  on  (be  axis  of  watts  luay  be  considewi. 
without  much  error,  to  be  the  constant  part  of  the  watts,  namely. 
the  friction  and  windage  loss.  Thns  in  Fig,  324,  26  watts  repre- 
sents the  [lower  lost  due  to  friction  and  winda^  in  the  case  of  the 
indaclton  motor  above  uientioned.     The  sum  of  the  core  loss,  flic- 
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)?si's,  iiini  I'll  loss  iit  iioniiiil  voltajTB  (viz.,  550  volts)  is 
fniH]  till'  fiirvi'  lu  bf  lU'.l  watts.  For  each  observed  valae 
vdltH  ami  tin;  waits,  tlic  current  input  ]>er  phase  to  the  stator 
K's  imii^t  1h'  rt'fortlfd.  Then,  the  resistance  of  the  staler  wind- 
iviufT  ln'iTi  iiH'ii>iiri-d,  the  P'R  loss  corresponding  to  any  given 
:■  can  be  ciik-iilated.  To  obtain  the  core  loss  correBpondino 
voltii'ff,  we  Jiiiist  therefore  subtract  the  constant  friction 
phiH  the  Pit  loss  in  llie  stator  windings  from  the  total  ob. 
iii]iTit  to  the  motor  (when  running  unloaded). 
!i  the  ease  of  the  one  lum^e-jiower  induction  motor  under  eon- 
ion,  the  euin-nt  input  per  phase  wiis  measun^  and  found  to 
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be  0.655  amperes,  when  the  voltage  between  supply  mains  was  550 
volts.  The  resistance  per  phase  was  also  measured  and  found  to 
be  15.5  ohms.  The  total  I'-'R  loss  was  therefore,  3  X  0.665'  X 
15.5  =  20  watts. 

The  core  loss  at  normal  voltage  is  therefore  equal  to 

100  -  20  -  20  =  m  watts. 

150.  Impedance  Test.  This  test  is  carried  out  in  the  same 
manner  as  the  core-loss  test.  The  motor  is  connected  to  the  alter- 
nating-current supply  mains  and  the  aiufK^res  flowing,  the  watts 
input,  and  the  volts  at  the  terminals  of  the  motor  are  measured, 
the  watts,  of  course,  being  measured  by  watt-meters.  In  this  test, 
however,  the  motor  is  not  allowed  to  run  free,  but  its  armature  is 
blocked  to  prevent  it  from  turning.  Instead  of  supplying  normal 
voltage  to  the  motor,  the  voltage  is  raised  carefully  until  the  amme- 
ters show  about  one-third  to  one-half  of  the  full-load  current.  The 
motor  must  be  supplied  with  current  at  normal  frequency.  The  fol- 
lowing observations  should 
be  recorded : 

Amperes  in  eaeli  line. 
Volts  for  each  phase. 
Total  watts. 

The  observations  are 
repeated  with  increasing 
value  of  the  voltages,  until 
the  current  has  reached  more 
than  twice  the  full-load 
value.  Fig.  325  shows 
curves  of  observations  taken 
in  this  way  for  theone-II.P. 
550-volt,  three-phase  motor 
referred  to  above.  This 
motor  takes  one  ampere  of 
current  perphaseatfull-load. 
The  two  curves  are  j)lotted 
with  current  and  volts,  and  with  watts  and  volts  as  ordinates  and 
abscissas,  respectively.     The  former  curve  is  the  straight  line. 

Since  for  full-load  current  with  the  annaturo  standing  still, 
the  voltage  applied  to  the  terminals  of  the  motor  is  very  low,  the 


J/^//*  between  Termmafs 
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nil  III  her  of  watts   supplied    to   overcome  core  loss   is  very  low. 
Practically,  all  the  watts  supplied  are  used  up  in  heating  the  con- 
ductors of  the  stator  and  rotor.     The  watts  input,  therefore,  for 
normal  rated  full -load  current  with  rotor  blocked,  may  be  taken  as 
a  TTieasure  of  the  total  J-R  losses  (primary  and  secondary)  of  the 
entire  machine  at  full-load.     For  the  motor  for  which  the  curves 
are  shown,  the  PR  losses  at  full-load  current  are  equal  to  100  watte. 
151.    Calculation  of  Efficiency.     As  in  the  case  of  the  ma- 
chines previously  considered,  the  efficiency  of  an  induction  motor, 
at  a  given  load  is  equal  to  the  output,  divided  by  the  output  plus 
the  losses,  at  that  load.     All  the  losses  can  be  determined  from  the 
core-loss  test  and  the  impedance  test;  the  core  loss  and  friction 
and  windage  losses  being  determined  from  the  former,  and  the 
copper  losses  from  the  latter.     For  the  three-phase,  one-H.P.  mo- 
tor above  mentioned,  the  losses  at  full  load  are  as  follows : 

Friction  and  Windage,    26  watts 
Core  loss,  63  watts 

Copper  loss  (PR) ,  100  watts 

Total  losses,  =  189  watts. 

Therefore  the  etHcieiicy  at  one  horse-power  output  is, 

The  efficiency  of  large  machines  is  generally  calculated  in  this 
way.  For  smaller  macliines  it  is  more  usual  to  determine  the 
efficiency  by  actually  measuring  inj)ut  and  output.  The  reason  for 
this  is  that  the  actual  losses  occurring  in  the  motor  when  it  is 
loaded,  are  different  from  the  values  as  calculated  from  results  of 
tests  at  no-load.  The  differences  between  these  calculated  and 
actual  losses  are  comparatively  large  in  a  small  machine. 

To  test  the  efficiency  by  measuring  the  total  input  and  out- 
put, the  most  convenient  method  is  to  belt  the  motor  to  a  direct- 
current  generator,  measuring  the  output  of  the  generator,  and  the 
inj)ut  to  the  motor.  The  output  of  the  motor  is,  of  course,  equal  to 
the  output  of  the  generator  j)lus  the  generator  losses.  The  losses  of 
the  generator  may  ])e  calculated  as  described  under  the  heat  test. 

The  output  and  input  of  the  motor  are  measured  for  various 
loads  successively  from  a  very  small  load  to  perhaps  50%  overload, 
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80  that  a  curve  may  be  constructed  showing  the  relations  between 
efficiency  and  load.  The  losses  of  the  generator  must  be  deter- 
mined at  each  speed  occurring  in  the  series  of  observations,  because 
the  generator  losses  vary  with  the  speed. 

153.     Slip  Test.     The  slip  at  a  given  load  on  the  motor  is  the 

n  -  n 

ratio  

n 

where  n  is  the  synchronous  speed  of  the  motor,  and  n*  is  the  speed 
under  the  given  load.  Slip  is  usually  expressed  in  per  cent,  in 
which  case 

_.           }i  —  n'         ^  ^  ^ 
per  cent  slip  = X  100 

The  synchronous  speed  in   revolutions  {>er  second  is  equal  to 

2/* 

-i— ,  wherey  is  the  frequency  of  the  alternating  currents  supplied 

Jr 

to  the  stator,  and  2>  is  the  number  of  '*  poles  ''  of  stator  magnetism, 
NS  NS  in  Figs.  293,  294,  and  295.  The  slip  is  independent  of 
the  number  of  phases. 

The  speed  of  the  motor  at  zero-load  is  very  nearly  ecjual  to  the 
synchronous  speed,  and  where^ and  p  are  not  known,  the  zero-load 
speed  may  be  used  for  n  without  great  error. 

The  determination  of  the  slip  of  an  induction  motor  at  full- 
load  with  full  rated  voltage  applied  to  the  stator  windings,  is  an 
important  test.  This  slip  may  be  determined  by  observing,  by 
means  of  a  speed  counter  or  tachometer,  the  speed  n  of  the  motor 
under  full  loafi  and  with  full  rated  voltage.  If  ^>  and /'are  known, 
the  slip  may  be  calculated  as  explained  above. 

Various  methods  have  been  j)roj)os(*d  for  measuring  the  slip 
of  an  induction  motor  directly.  A  simple  piece  of  apparatus  for 
determining  the  slip  directly,  consists  of  a  black  disc  withy>  white 
radial  lines  painted  upon  it,  where  jd  is  the  number  of  poles  of  the 
motor.  This  disc  is  attached  to  the  motor  ])ulley.  If,  when  the 
motor  is  running,  the  disc  is  illuminated  by  an  alternating-current 
arc  lamp  supplied  with  current  from  the  same  nuiins  as  the  motor, 
the  white  lines  on  the  disc  would  apj)ear  stationary  if  the  motor 
were  running  in  synchronism.  If  the  motor  were  below  syn- 
chronism, the  disc  would  appear  to  rotate  with  a  speed  equal  to 
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the  differeDce  between  the  eyncbronoue  and  actual  speed.  Thne  tbe 
slip  can  be  measured  directly  by  counting  the  apparent  revolntiona 
per  minute  of  the  disc. 

For  e^iample,  the  synchronOHB  speed  of  the  one-H.P.  motor 
considered  above,  is  1,2()0  r.p.m.  Id  applying  the  above  test  the 
diBC  madeVOapjiareiit  revolutions  per  minute  when  the  motorwaa 
running  at  full  load  and  therefore  the  slip  at  full-load  was 


1200'  "■■  "■^^'^■ 

153.  Performance  Curves  of  an  Induction  Motor.  Fig.  336 
shows  thf  j)erforniance  curves  of  a  175-11. P.  three-phase,  tweWe- 
pole  induction  motor  having  a   synchronous  speed  of  600  r.p.m.. 
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/TOrs&  f^iver    Output 

icil  with  lliri-c-jiliasf  ciirreiitsat  550  volts  and  (iO  cycles 
TJic  ahscissjtd  of  all  the  curves  are  /'"/■{•i-.p/nrcr  out- 
(iriKipiii^  of  all  the  curvcB  in  the  region  between  340 
j-rfe-powtT  shows  that  the  niaxiiiium  power  which  tht; 
It  develop  ia  about  350  horse-power.  There  are  three 
nlinatt'S,  namely,  "aiiij)eres  input,"  "per  cent,"  aad 
njue".  The  onliiiates  of  the  curve  mari^ed  "synehro- 
meiisiired  <iii  the  per  cent  scale,  and  they  represent  the 
i-r  ei-iit  of  tlie  syiicliroiioua  sju'ed  at  the  various  loads. 
(JiiiiiU'H  of  tlio  curve  marked  "amjieres  input"  give 
■i  input  per  pjiase  at  the  various  loads. 
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The  ordinates  of  the  curve  marked  ''torque"  are  measured 
on  the  pounds  torque  scale,  and. they  represent  the  torque  devel- 
oped by  the  motor  at  various  loads,  these  torques  being  expressed 
in  pounds  of  force  acting  at  one  foot  radius,  that  is,  in  pound-feet. 

The  ordinates  of  the  curves  marked  ''efficiency",  "apparent 
efficiency ",  and  "power  factor",  are  measured  on  the  j)er  cent 
scale,  and  they  represent  these  quantities  at   the   various   loads. 

The  efficiency  is,  of  course,  the  ratio,  -.  »    The  power  factor  is 

the  factor  by  which  the  product  of  volts  times  amperes  must  be 
multiplied  to  give  the  true  input  of  power  ])er  phase. 

The  product  volts  times  amj)eres  \s  called  the  a j)j)a rent  powe?' 
delivered  by  an  alternating  current  generator,  and  the  apparent 
efficlenvy  oi  9A\  induction  motor  is  the  ratio:  output  <S\s\({eA  by 
the  apparent  power  deUvcred,  The  apparent  efficiency  is  thus 
e<]ual  to  the  true  efficiency  multiplied  by  the  power  factor. 

The  relation  between  the  three  factors,  efficiency,  ])Ower  factor, 
and  apparent  efficiency,  will  be  made  clear  by  the  following  equa< 
tions,  each  based  on  definition. 

.,^  .  useful  output 

^        actual  input 

t>  f    ^  actual  input 

Power  factor  =  -  .*      -• 

apparent  niput 

^    ^  .  useful  output 

Apparent  emciency  = .  .  -     i 

'  *  ^       apparent  mput 

From  the  above  three  equations,  it  is  evident  that 

Apparent  efficiency  =  Eflieiency  X  Power  factor. 

When  the  output  of  a  motor  under  a  given  load  is  measured 
mechanically  by  observing  the  useful  tonjue  developed  at  the  arma- 
ture shaft,  and  the  8j)eed  of  the  armature,  we  have 

T.      .    ,  277// T, 

Lseful  output  =-  -TTTTTT.TTr  norse-ix)wer 

=-  0.142  ///  T  watts 

where  n'  is  the  8|H*ed  of  the  arnuiture  in   revolutions  |x*r 

minute; 
T  is  the  usrful  tonjue  in  pound -feet,  develoj)ed  by 
the  armature. 


o*v^ 
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The  actual  input  to  a  three-phase  alternatiDg-cnrrent    motor 
of  the  induction  ty|)e  is 

\'S'  E  •  I  •  P  watts 

where  E  is  the  electromotive  force  (effective  value)  applied 

between  any  two  of  the  stator  terminals; 
I  is  tlie  current  (effective  value)  in  any  one  of  the 

leads  supplying  the  stator  windings; 
P  is  the  power  factor  of  the  motor. 

The  apparent  input  to  a  three-phase  induction  motor  is 

1^8  •  E  •  I  watts. 

From  tlie  above  ecjuations  we  may  easily  write  the  expressions  for 
the  etliciency,  j)()wer  factor,  and  apparent  efficiency,  as  follows : 

0.142  n'  T 
KHlcieney  =  — =~:^ 


Power  factor  =  P  = 


1    W'  E-  I-  P 


I   A'B'  I 

0.142  71' T 
Apparent  ellleiency  =r   -     __  - 

\    o  •  K*  1 

l\,nnit i>h  ,     A  (HTtJiin  I'J-pole  induction  motor  whose  |)erform- 
ancc  curves  arc  (jfivcu  in  Kicr.  H2(),  is  rated  as  follows: 

Number  of  |)liascs,  8; 
()ut])Ut  at  full  load,  175  horse-power; 
\'oltan;(»  sup|)licd  (between  mains)  550  volts; 
Sj)eed,  at  full  load,  5^5  r.p.m.; 
Fre(|ueiicv,  cycles  per  second,  (>() 

A  brake  test  on  tlie  motor  when  runnincr  at  full  load  cmve  the 
following;  data  jsee  curvt»s  in  Fit;.  H'jr)). 

I'seful  tonjue  on  rotor  shaft,  pound-ftH't.  1,500 

SjK'ed,  in  revolutions  per  minute 5s5 

Amju'res  in|)Ut  per  phase 170 

Tower  factor,  in  per  cent SS 

It  is  re(|uire(l  to  calculate  the  following  quantities  in  order  to 
check  the  accunu-y  of  tlu»  curves  j>lotted  in  Fig.  H^ri. 

(//)  The  synchronous  speed  in  r.p.m. 
(/>)   The  slip  at  full  load  in  j)er  cent. 


ALTERNATliNG  CURRENT  MACHINERY  3CiS 

(r)   The  useful  output  in  watts  and  in  horse-power. 

(//)  The  actual  input  in  watts. 

i^e)  The  efficiency. 

(J^  The  apparent  input  in  watts. 

(r/)  The  apparent  efficiency. 

Solution: — 

(</)  The  synchronous  speed,  according  to  the  equation  on  page 
313,  is 

2/'      2  X  00 

^  =  '^     ^^     =10  revolutions  per  second, 

J)  X«w 

or,  10  X  00  =  000  r.p.m. 

(i)  The  slip  according  to  article  152  is 

(^r  «■)  .,„  =  (^^;.r^'-)  ,00  =  ..,  ^,  „.„.. 

*  (r)     The  useful  output  from  the  above  equations  is 

0.142  //  T  watts. 
Substituting  the  given  values  of  //  and  T, 
we  have         0.142  X  5<sr)  X  1500  =  12U,0()()  watts, 

,.,      .  129,000 

which  gives  — ^jr, —  —  !<•>  horse-power. 

(<7)     The  actual  input  in  watts  is 

I   3^  E • I  •  P 

whence  substituting  the  given  values  of  E.  I,  and  P 

gives         1.732  X  550  X  170  X  0.88  =  142,500  watts. 

(r)     The  efficiency  (real)  is 

Useful  output       121U)0()       ^^^^^ 
Actual  input        142,o00  ' 

(/')     The  apparent  input  in  watts  is 

\  iTE  •  I 

or  1.732  X  550  X  170  --  1()2,000  watts. 

(</)     The  apparent  etliciency  is 

i:seful  outTuit         120,()00 

-J — :       .-.-,,,  =  80  i>er  cent. 

Apparent  input       1()2,000  ^ 
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A  comparison  of  the  above  results  with  the  correspond! ntr 
values  obtained  from  the  curves  in  Fig.  326,  shows  on  the  whole 
a  very  satisfactory  agreement. 

The  power  factors  of  standard  commercial  induction  motors 
of  American  manufacture  vary  at  full  load  from  0.75  to  0.92, 
depending  upon  the  size  and  frequency  of  the  motor.  Tlie  effici- 
encies range  from  O.SO  to  0.92.  The  apparent  efficiencies  in  motor? 
above  5  II. P.  output  will  be  found,  as  a  rale,  not  less  than  0.75. 
This  means  that  the  transformers  supplying  current  to  induction 
motors  of  average  sizes,  must  have  an  aggregate  capacity  of  about 
one  kilowatt  for  every  horse- power  output  of  the  motors. 

The  following  table  gives  approximate  capacities  of  standard 
transformers  that  should  he  used  with  two-phase  and  three-phase 
induction  motors: 


TABLI 

E  VIII. 

Phask. 

--     —  - 

Thkke- 

HP. 

Two-Pb 

3  TRAN8FO 

[ASK. 

C'APAt  IT V Motor. 

KMEKS. 

2  TltANSFUHMKliS. 

3  TllANSFOKMKKS. 

1 

.r>K.\V. 

.5   K.W. 

.0  K.W. 

•  > 

1.5 

1.0 

1.0 

a 

•  )   n 

1.5 

1.5 

o 

•  > .  n 

'1.0 

8.0 

~yi 

4.() 

l».o 

4.0 

10 

") .  0 

;i .  0 

5.0 

lo 

7 .') 

o.O 

7.5 

l!0 

10.0 

7.0 

10.0 

;;o 

lo.() 

10.0 

15.0 

oO 

lio.O 

lo.O 

25.0 

To 

2.5 . 0 

;]5 . 0 

KM) 

::o.o 

45.0 

SWITCHBOARD  AND  STATION  APPLIANCES. 

154.  The  Switchboard  is  a  supporting  frame  upon  which 
are  mounted  most  of  the  measuring  instruments,  safety  and  con- 
ti-ollinii  devices  used  in  a  (jfeneratintj  or  receivinc^  station. 

Licrhtiiinjr  an\'st(M*s  are  usually  mounted  on  the  wall  of  the 
station  building  at  the   points  wlirre  the  lines  enter  the  building. 

Large  ap])aratus  such  as  rheostats,  oil-switches,  circuit- 
breakers,  and  voltao;e  re<»:ulatoi's  are  freciuentlv  installed  at  a  dis- 
tanee  from  the  switehboanl,  and  are  controlled  from  the  switch- 
board   by  systems   of  levers,  by   comprcs.sed    air,  or  by  electrical 
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relays  which  are  in  turn  controlled  by  contact  switches  on  the 
switchboard.  Thus  Fig.  827  shows  a  large  rheostat  mounted 
underneath  the  floor  upon  which  the  switchboard  stands.  The 
rheostat  is  operated  by  means  of  sprocket-wheels  and  chain  which 
are  moved  by  a  hand-wheel  on  the  switchboard. 

Alternating-current  switchyards  differ  from  direct-current 
switchboards  as  follows: 

(a)  On  account  of  the  many  special  devices  such  as  voltage  regula- 
tors, switchboard  transformers,  power-factor  iudicators,  and  8yuchn)niz- 
ing  devices,  which  are  used  in  alternating-current  work,  and  are  not  used 
in  direct-current  worls. 

(b)  Because  of  complicatiouH  anHociated  with  the  use  of  an  auxiliary 
direct-current  generator  for  exciting  the  field  magnets  of  alternators. 

((•)  Because  of  tlie  frecjuent  use  of  excessively  high  voltages,  as  high 
as  40,000  volts  or  more,  in  alternating-current  systems. 

Switchboards  are  now  usually  built  up  of  standard  ])anels 
uniform  in  size,  the  style  varying  with  the 
service  required.  Large  switchboards  for 
handling  many  generators  or  many  feeder 
circuits,  are  built  up  by  placing  a  number 
of  these  standard  panels  side  by  side.  This 
method  of  building  large  switchboards  has 
the  following  advantages: 

1.  It  reduces  the  necessity  of  8j)ecial 
work  to  a  minimum,  and  permits  the  use 
of  standard  apparatus,  thus  reducing  cost. 

2.  It  provides  for  interchangeability 
of  panels,  thus  making  rearrangement  of 
feeder,  generator,  and  exciter  panels  easy 
and  convenient. 

8.  The  use  of  standard  panels  uni- 
formly equipped  with  standard  apparatus 
makes  it  easy  and  cheap  to  renew  damaged 
parts. 

4.     It  enables  extensions  to  be  made  easily  and  systematically. 

In  some  large  stations  as  many  as  ten  or  more  generator  panels 
and  fifteen  or  more  feeder  panels  are  erected  side  by  side. 

The  panels  of  a  switchboard  are  usually  erected  and  wiriMl 
completely  at  the  factory,  and  all  the  instruments  are  attached. 


Ki^ 
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After  tliorongli  ins]NX.-tioD  ami  t*>Bting,  tlitsy  are  Bbipjied  to 
clfstination,  the  inatninietits  being  detached,  and  ehippod  separatelj. 
Switehboards  are  usnally  const  rut-ted  of  a  skeleton  fr&uie  of 
anyle  iron,  to  which  panels  of  niurble  or  slate  are  faeteued  Itj*  boli.i 
and  iiiita.  Thu  varioii8  iiistniinenla  are  attached  to  the  marbleor 
slate  [tanels.  In  many  cases  the  apparatus  itself  is  located  liehiiid 
[lie  buani,  the  liand-whuel  or  operating  lever.only.  being  placed' 
the  front  of  the  board. 


8819 


i> 


18 1  J. 


Fig.  328. 

Slate,  when  entirely  free  from  metallic  veins,  is  a  fair  iiisn^ 
lator,  but  the  frequent  occurrenci?  of  ench  veins,  and  the  tendeni-y 
of  slate  to  absorb  inoisture  from  the  air,  render  it  unreliable, eti|Hs 
cially  for  ewitchhoarda  on  which  high-voltage  ajiparatua  is  to  t 
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installed.     Marble  is  the  standard  material  for  switchboard  panels, 
and  it  alone  is  used  for  high-voltage  panels. 

■55-  Typical  Single-Phase  Switchboard.  Fig.  338  ebows 
front  and  back  views  of  a  standard  switchboard  for  one  single- 
phase  generator  and  on©  feeder  circuit.  The  front  elevation  of 
this  board  and  the  complete  diagram  of  electrical  connections  are 
shown  in  Fig.  329.  Fig.  3^0  shows  the  front  elevation  of  a  switch- 
board for  one  single-phase  generator  and  two  feeder  circuits,  and 
also  the  complete  diagram  of  electrical  connections.  Tliese  switch - 
hoards  are  iiianufactnrtHl  by  the  F'ort  Wayne  Electric  Works. 


Fig.   329. 


Tlie  amnit^ter  and  voltmeter  used  on  these  hoards,  indeed 
nearly  all  switchboard  ammeters  and  voltmeters,  are  of  the 
"  plnnger  type,"  that  is,  they  consist  of  a  coil  of  wire  actuating  a 
movable  piece  of  soft  iron  to  which  the  pointer  is  atlacbeil. 

The  pilot  lamps  are  for  illuminating  the  board  and  for  indi- 
cating that  the  generator  is  in  operation. 

The  essential  features  of  ihe  electrostatic  ground  detector  are 
described  in  article  31. 
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The  double-pole  quick- break   generator  ewitch  with  marble 
barrier  ie  ebown  in  Fig.  381.     It  is  used  for  opeoing  and  closing 


^ 


he  use  of  tht 
explaijieil  eh 


Fig.  !U0. 
■  j^onerator  ns  may  l>e  seen  in  tl 
iMjr  IW'.I.      Wlieii   tbis  switfb  i 
])ri)(iiKV<l  is  prevented   by  tbe  marble  barrier  from 
lliisliiii^  !KT0#9  fniiti   blade  to  blade  of  tbe  swiicb, 
siiid  tliiiii  sliort-cireiiitiiig  tlie  generator, 

T!n'  (.■xpuJsiuii  fiiKes  are  ordinary  flat  fuse  links 
(fOKiinoiily  made  of  almiiintiiti)  surrounded  h\  firc- 
jironf  insulating  tubes  of  porcelain.  Tlie  Westiiii;- 
boupe  Comjiany  sometiines  mount  their  fuses  in  a 
lignum  villi'  fuse  bluek  eneloEe<i  in  an  air-tiglii 
cbiimber.  When  tlie  fuse  melts  and  breaks,  dit- 
arc  is  e.\tingnisln'd  by  the  explosive  action  which 
accompanies  tbe  sudden  heating  of  the  airencloseil 
ill  the  fuse  chanihers.  The  jwtential  transformer* 
iry  connected  through  a  high  resistance  to  the  voll- 
!  ratio  of  transforniatioii  of  the  potential  transformer 

al   transronner  in  connection  u-ith  Bwilcli- 
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is  20  to  1,  and  the  voltmeter  reads  110  volts,  the  voltage  between 
the  generator  terminals  is  20  X  110  =  2,200  volts. 

156.     Typical     Switchboard    for    Operating    Two  or    /lore 
Slngie-Phase  Alternators   in  Parallel.     Fig.  332  shows  front  and 


piineutioiia.     Tlie 


kck  uf  tli«  board, 


Fig.  33:i. 

side  elevations  of  one  of  the  General  Electric  Company's  standard 
panels  for  one  of  several  single-jihase  generators  to  he  operati'd  i 
parallel,  and  a  complete  diagram  of  electrical 
equipment  of  this  panel  is  as  follows: 

1  double-pole  generator  switch,  mounteil  <iu  tl 
and  operated  by  a  lever  on  the  front  of  the  board. 

'2  expulsion  fuMe  iilocks  complete. 

I  generator  ammeter. 

1  Held  ammeter. 

1  voltmeter  and  one  potential  tranuformer. 

1  neld  switch. 

1  sychroQlzlug  device,  complete. 

Tripod  and  front  plate  for  "  generator  rlieostnt 
of  the  generator)  with  shaft  and  baud-wheel. 

Tripod  and  front  plate  fc 
the  exciter.) 

All  necessary  framework  aud 

The  location  of  api)aralii8  for  this   panel,  as  designated   by 
letter,  is  as  follows; 

R  =  rheostat  in  tlie  field  circuit  of  the  generator,  "generator  rlieoHlat." 

a  =  ammeter  in  the  held  circuit  of  tbe  geueratoi 


tlekl  circuit 
exciter  rbeoHtat  "  (in  tlic  held  circuit  of 


"Held 
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V  =  voltmeter  betweeu  the  generator  temiiuals  (through  jH)tential 

trail  Hforiuer). 
A  =  ammeter  for  the  main  alternating  current. 
L  =  synchronizing  lamp. 
8  =  **  generator  switch  "  in  the  main  circuit, 
r  =  rheostat  in  the  exciter  field  circuit,  '*  exciter  rheostat.'' 

Tliis  apparatus  is  essentially  the  same  as  the  apparatus  already 
described  in  article  155  with  the  exception  of  the  ground  detector, 
the  field  switch  with  discharge  resistance,  and  the  synchronizing 
device.  One  ground  detector  is  sufficient  for  a  number  of  machines 
operated  in  parallel,  and  it  is  usually  mounted  on  a  bracket  attached 
to  one  of  the  generator  panels.     The  field  switch  is  arranged  to 
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To  Generator  ^  To 


Generator 


short-circuit  the  field  winding  of  the  alternator  at  (or  just  before) 
the  instant  of  diseonnecting  the  exciter  from  the  field  windings. 
This  allows  the  current  in  the  field  winding  to  die  away  slowly. 
The  o])ening  of  a  field  switch  which  is  not  provided  with  a  resist- 
ance j)r()(hiees  an  excessively  high  electromotive  force  between  the 
field  terminals,  which  is  likely  to  cause  puncture  of  the  insulation 
of  the  field  windiiiirs. 

The  synehroniziniT  device  consists  of  the  synchroniziiur  bus- 
bars  connecting  the  various  generator  panels,  the  synchronizing 
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lamps,  a  small  transformer  (the  same  one  being  used  for  the  volt- 
meter) for  stepping  down  the  voltage  to  a  suitable  value  for  the 
synchronizing  lamps,  and  connection  plugs  for  connecting  the  sec- 
ondary of  the  potential  transformer  through  the  synchronizing 
lamps  to  the  synchronizing  busses.  Two  types  of  connecting  plugs 
are  used,  one  of  which  reverses  the  connections  made  by  the  other. 
The  complete  connections  of  the  synchronizing  device  for  two 
single-phase  machines  is  shown  in  Fig.  333. 

In  case  of  polyphase  machines,  one  phase  only  is  connected  to  the 
synchronizing  device,  and  the  synchronizing  device  is  therefore  the 
same  for  single-phase  and  for  polyphase  alternators.  The  operation 
of  alternators  in  parallel  is  very  common  in  modern  central  stations. 

The  voltmeters  and  synchronizing  device  are  always  connected 
back  of  the  main  generator  switch,  that  is,  between  the  generator 
and  the  switch,  for  the  reason  that  the  voltage  of  the  machine 
must  be  synchronized  before  the  main  switch  is  closed. 

The  connections  of  the  two  types  of  synchronizer  plugs  are 
shown  in  Fig.  333.  Neither  plug  is  used  when  one  alternator 
only  is  operated.  When  another  machine  is  to  be  put  into  opera- 
tion, either  type  of  plug  is  used  to  connect  the  synchronizer  busses 
to  any  one  of  the  machines  already  running,  and  the  other  type  of 
plug  is  used  for  connecting  the  machine  which  is  being  synchron- 
ized, to  the  synchronizing  busses.  Thus  the  synchronizer  busses 
are  opposltelij  connected  to  the  two  machines,  and  the  synchroniz- 
ing lamps  are  hright  when  the  conditions  are  proper  for  closing 
the  main  switch.  This  is  the  common  practice  of  the  General 
Electric  Company. 

When  alternators  having  composite  field*  windings  are  oper- 
ated in  parallel,  a  slight  increase  of  current  output  from  one 
machine  would,  in  passing  through  the  rectifying  commutator  and 
the  series  field  winding,  cause  the  current  output  to  still  further 
increase.  That  is,  composite  alternators  will  not  operate  stably  in 
parallel  unless  provision  is  made  to  cause  the  current  in  the  series 
field  windings  of  all  the  machines  to  increase  and  decrease  simul- 
taneously. This  is  accomplished  by  feeding  all  the  series  field 
windings  in  parallel  between  busbars  to  which  all  the  rectifying 
commutators    supply    uni -directional    current.     These    bus-bars, 

♦See  article  4.'?. 
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called  the  equalizer  busses,  must,  of  course,  be  connected  to  all  of 
the  generator  switch-board  panels. 
j  When  more  than  two  generators  are  operated  in  parallel,  and 

^  one  direct-current  generator  is  used  as  an  exciter  for  supplying 

3  current  to  the  field  windings  of  all  the  alternators,  a  separate  switch- 

board panel  called  the  exciter  j)anel,  is  usually  installed.  Upon 
this  panel  the  exciter  iield  rheostat  and  controlling  devices  are 
n)ounted.  In  tliis  case  exciter  bus-bars  are  led  from  the  exciter 
panel  to  all  the  main  generator  jmnels. 

157.  Conditions  Necessary  for  Parallel  Operation  of  Alter- 
nators. In  the  parallel  or  multiple  operation  of  alternators,  there 
are  three  elements  which  need  special  consideration — frequency, 
phase,  and  voltage.  It  is  necessary  that  the  generators  be  similar 
in  these  respects,  to  insure  their  working  together  properly  when 
connected  in  parallel.* 

(f/)  Fre(juency.  Two  generators  are  of  the  same  frequency 
when  the  numbers  of  alternations  or  reversals  of  their  electromo- 
tive forces  in  a  given  time  are  e(jual.  This  requirement  is  fulfilled 
when  the  product  of  the  number  of  poles  by  the  revolutions  per 
minute  is  the  same  for  each  machine. 

The  fiV(|iUMicv  of  {I  generator,  l)eing  dependent  upon  its  speed, 
mav  be  controlled  bv  the  regulation  of  the  sj)eed  of  its  prime  mover. 

(/>)  Phase.  Two  geneiators  are  in  phase  when  the  position- 
of  their  armatures  with  respect  to  their  tield  poles  are  the  same. 
/./ .,  when  similar  aiinature  coils  are  o|)posite  positive  field  pole? 
at  the  same  instants.  AVhen  this  condition  exists  the  electromo- 
tive forces  of  the  machines  are  both  positive  at  the  same  time,  and 
their  maximuin  values  occur  at  the  same  instant;  the  electromotive 
forces  are  said  to  be  coincident  in  phase. 

[r]  \'olta<Te.  Two  generators  are  of  the  same  voltacre  when 
the  pressure  measured  across  the  armature  terminals  is  the  same 
for  each  machiin\ 

The  voltage  for  a  given  speed  being  dependent  upon  the  field 
streui^thmav  be  controlled  by  means  of  the  rheostat  in  the  field  circuit. 

158.  Determination  of  Relative  Frequency  and  Phase  Coin- 
cidence.    If  two  similar  generators  are  running  at  exactly  the  same 

*  I'^urthcnnore,  two  alternators,  to  oj)enite  satisfactorily  in  parallel, 
must  lia\  e  electromotive  force  waves  of  the  same  Hliai)e. 
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speed  their  difference  in  phase  remains  constant.  This  condition, 
however,  does  not  exist  in  practice  unless  the  armatures  are  rigidly 
connected,  as  the  iflevi table  fluctuation  in  engine  and  water- wheel 
speeds  and  in  belt  slippage  causes  the  position  of  the  armatures 
with  reference  to  their  field  poles  to  be  continually  changing,  and 
consequently  the  difference  between  the  phases  to  be  likewise 
changing.  As  generators  should  not  l)e  thrown  in  parallel  excepting 
when  their  frequencies  are  practically  the  same,  and  at  the  time  their 
phases  are  in  exact  coincidence,  or  nearly  so,  it  is  essential  to  hav(» 
an  accurate  means  of  determininir  when  these  c()n<liti()ns  exist. 


Fig.  a.'{4. 

The  principle  of  the  most  common  metho<l  of  determining 
when  generators  are  of  the  same  frequency  and  are  coincident  in 
phase,  is  illustrated  in  Fig.  334.  A  and  13  represent  two  single- 
phase  generators,  the  leads  of  which  are  connected  at  the  switch  C, 
through  two  series  of  incandescent  lamps  D  and  E.  It  is  evident 
that  as  the  relative  positions  of  the  phases  of  the  electromotive 
forces  change  from  that  of  exact  coincidence  to  that  of  exact  oppo- 
sition, the  flow  of  current  through  the  lam])s  varies  from  a  mini- 
mum when  the  machines  oppose  each  other  in  forcing  current 
through  the  lamps  as  shown  by  the  arrows  in  Fig.  334,  to  a  maxi- 
mum when  the  machines  help  each  other  in  forcing  current  through 
the  lamps.*  If  the  electromotive  forces  of  the  two  machines  are 
exactly  equal  and  in  phase,  the  current  through  the  lamps  will  be 

♦When  the  two  machines  oppose  each  other  in  forcing  current 
through  the  lamps  they  would  help  each  other,  or  be  in  phase  with  each 
other,  in  producing  current  in  the  receiving  circuit  to  which  the  machines 
are  to  be  connected  iu  parallel. 
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zero,  and  as  the  difference  in  phase  increases,  the  lamps  will  light 
up  and  will  increase  in  brilliancy  until  the  maximum  is  reached; 
when  the  phases  are  in  exact  opposition.  From  this  condition  they 
will  decrease  in  brilliancy  until  completely  dark,  indicating  that 
the  machines  are  again  in  phase.  The  rate  of  pulsations  of  the 
lamps  depends  upon  the  difference  in  frequency,  «.  tf.,  upon  the 
difference  in  the  S|)eed3  of  the  machines,  and  by  adjustment  of  the 
governors  of  the  engine  or  water-wheel,  or  the  tension  of  the  belt, 
the  rate  can  generally  l>e  reduced  to  as  low  as  one  pulsation  in  teu 
seconds,  which  affords  ample  time  for  throwing  the  switch  connect- 
ing the  generators  in  parallel. 

The  Synchronizer,  When  the  phases  of  two  generators  coin- 
cide, the  machines  are  said 
to  be  "  in  phase",  *'  in  step'', 
or  ''  in  svnchronisnr\  The 
apparatus  used  for  deter- 
mining when  generators  are 
in  phase  is  called  a  '' syn- 
chronizer". In  Ficr.  334  the 
lamps  constitute  the  syn- 
chronizer. While  a  series  of 
lamps,  alone,  may  l>e  w^^ 
for  svnchronizintr  machines 
of  very  low  voltaw,  it  is  not 
safe  or  practical  to  use  this 
metliod  for  machines  of  lii<:h 
voltage.  The  most  common 
arrantremeiit  for  synchroni- 
zing  alternators,  in  general, 
is  illustrated  in  the  diacrniin. 
Fig.  33.").  A  and  H  repre- 
sent the  two  single-pha>e 
irenerators  witli  switclics  in  the  main  leads.  There  are  two  trans- 
formers,  the  |)riniaries  of  wliieli  are  connected  across  the  main  leads 
of  A  and  B  respectively,  tlit»  secondaries  l)ein(r  connected  in  series 
throngli  the  lamps  K.  Now,  if  the  transformers  are  conne^'tt*<l 
similarly  in  tln^  two  circuits,  as  shown  in  the  diaoram,  then  when 
the  generators   A   and    B  are  in  phase  the  electromotive  forces  in 
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the  secondaries  will  be  in  phase  and  no  current  will  flow  through 
the  lamps,  and  when  the  generators  are  out  of  phase,  the  electro- 
motive forces  in  the  secondary  circuits  will  be  out  of  phase  also, 
and  current  will  flow  through  the  lamps.  The  amount  of  this 
current  and  the  resultant  brilliancy  of  the  lamps  de{)ends  on  the 
difference  in  phase.  If  the  connections  of  either  the  primary  or 
secondary  of  either  transformer  be  now  reversed  from  those  shown 
in  Fig.  335,  the  indications  of  the  lamps  will  be  reversed;  that  is, 
when  the  generators  are  in  phase  the  lamps  will  burn  at  maxi- 
mum brilliancy,  and  vicevey'm.  It  is  the  common  2>^"<^ot}ce  of  the 
Wettthujhovi^e  Company  to  arramje  the  tranfiforiner  connections 
so  that  the  lamps  shall  he  darh  when  the  yeneratitrs  are  in  phase. 

In  order  to  determine  whether  the  synchronizer  lamps  will  be 
bright  or  dark  for  a  given  connection  of  transformers  when  the 
generators  are  coincident  in  j)ha8e,  remove  the  main  fuses  or  raise 
collector  brushes  from  one  machine,  and  throw  in  the  main  switches 
with  the  other  generator  at  full  voltage.  Since  both  primaries  are 
now  connected  through  the  switches  to  one  machine,  the  lamps  will 
be  in  the  same  condition  as  when  the  main  or  paralleling  switches 
are  open  and  both  generators  are  coincident  in  phase.  If  the  lamps 
burn  brightly  and  it  is  desired  that  they  be  dark  for  an  indication 
of  phase  coincidence,  the  connections  of  one  of  the  primaries  or  of 
one  of  the  secondaries  of  the  transformers  should  be  reversed. 

The  lamps  which  are  used  with  the  synchronizer  should  be 
adapted  for  the  highest  voltage  which  they  will  receive.  Thus,  if 
they  are  placed  upon  the  secondaries  of  twolOO-volt  transformers, 
there  should  be  two  100-lamps  or  four  50-volt  lamps  in  series.  If 
two  200- volt  machines  have  the  lam])8  applied  directly  without 
transformers  it  will  be  necessary  to  use  four  100-volt  lamps,  or 
their  equivalent. 

Hate  of  Pulsation  and  Size  of  PvlUy,  The  difference  in 
speed  between  two  machines  may"  be  determined  by  the  rate  of 
pulsation  of  the  synchronizing  lamps.  It  is  sometimes  convenient 
to  know  this  difference  in  speed,  especially  when  two  generators 
are  belt-driven  from  the  same  shaft.  If  the  speeds  are  not  equal, 
it  may  be  necessary  to  turn  off  one  of  the  pulleys  in  order  to  make 
them  equal.  One  pulsation  of  the  lamps, '/.<^.,  the  interval  l>etvveen 
two  consecutive  occurrences  of  maximum  brilliancy,  indicates  a 
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gain  of  one  cycle  or  two  alternations  of  one  machine  over  the  other. 
Thus,  if  there  is  one  pulsation  of  brightness  per  minute,  and  the 
number  of  alternations  is  7,200  per  minute,  then  one  machine 
gives  7,202  alternations,  while  the  other  gives  7,200.  If  the 
number  of  pulsations  of  brightness  is  36  per  minute,  then  one 
machine  gives  7,272  alternations,  while  the  other  gives  7,200  alter- 
nations, and  the  first  machine  is  therefore  running  1  per  cent, 
faster  than  the  second  machine.  In  order  to  determine  which 
machine  is  running  the  faster,  the  load  may  be  thrown  upon  one 
machine,  or  its  belt  may  be  slackened  so  as  to  decrease  its  speed. 
If  this  be  done  to  the  machine  which  attempts  to  run  too  fast,  the 
pulsations  will  become  less  rapid;  while  if  it  be  done  to  the  ma- 
chine which  is  running  slower,  the  pulsations  will  become  more 
rapid.  If  one  machine  is  running  1  per  cent  faster  than  the  other, 
it  will  be  necessary  to  reduce  the  diameter  of  the  pulley  of  the 
other  (slower)  machine  by  1  per  cent. 

The  thickness  of  the  belt,  the  tightness  of  the  Ix^lt,  the  slip- 
page  (dependent  upon  the  kind  of  belt,  the  condition  of  the  sur- 
faces of  the  pulley  and  belt,  and  the  load)  are  all  factors  which 
affect  the  8pet*d  and  must  all  be  ki^pt  in  mind. 

159.  Directions  for  Connecting  One  Alternator  in  Parallel 
with  Another   Alternator. 

1.  Vrrqffr)H'i/.  Tile  s|>tvd  ()f  the  new  machine  which  is  to 
be  connt'cttHl  in  parallel  imist  1m»  made  such  as  to  give  the  same 
fre<iuencv  as  thr  one  aln^adv  rinininir.  If  the  latter  is  carrvin*''  a 
load,  it  may  be  ntHTssary  to  reduce  the  s])eed  of  the  unloadtMl  ma- 
chine below  that  at  \\hich  it  tends  to  run  with  no  load,  by  a<l  justing 
the  engine  valve,  or  the  water  wheel  gate  or  nozzle,  or  the  belt  slip- 
page, in  order  to  secure  the  proptM*  speed. 

The  adjustment  of  the  engine  should  preferably  not  be  bv 
throttling,  as  the  governor  is  liai)le  to  "hunt"  when  the  throttle  is 
opened.  It  is  <lesifable  to  be  able  to  adjust  the  governor  for  chang- 
intr  the  speed  while  the  encrine  is  runnintr. 

2.  Vnlftt,/r,     The  Held  excitation  of  the  new  machine  should 

be  adjusted  so  that  its  voltage  is  the  same  as  that  on  the  bus  bars, 

the  measurement  beinir  made  bv  a  voltmeter. 

iL      I*JuiXi'    (^Hiirffh  iir, ,     Synchronizer    lamps    indicate    by 

*  I  • 

their  slow  rate  of  pulsation   that  the  machines  are  of  pnictically 
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tMjiial  frei]uency.  When  the  syncbrouizer  lamps  iiulieate  the 
proj)er  phase  relation,  /.r.,  phase  coincidence  (j)referahly  when 
the  lamps  are  dark),  all  is  ready  for  closing  the  switch. 

4.  Close  the  main  switch.  It  is  better  to  close  the  switch  a 
little  too  soon  (when  the  machines  are  approaching  the  pR>j)er  |)Osi- 
tion)  than  too  late  (^when  they  are  receding  from  it».  If  the  switch 
is  OT)erated  by  compressed  air  or  for  any  other  reason  does  not  close 
the  instant  the  handle  is  ojx^rateil,  dne  allowance  mnst  l)e  made  for 
the  interval. 

5.  If  the  generators  are  comjK:)site  wonnd,  close  the  equalizer 
switch. 

0.  Adjustment  may  now  ])e  made  by  means  of  the  governor 
or  otherwise  so  that  each  machine  recvives  its  proj)er  share  of  load. 

7.  The  field  currents  of  the  several  generators  should  l>e 
properly  adjusted  to  eliminate  cross  currents  l)etween  the  armatures 
and  maintain  the  pro])er  voltage  on  the  bus-bars. 

i6o.  Directions  for  Cutting  Out  An  Alternator*  Which  is 
Running  in  Parallel  With  One  or  More  Alternators.  1.  Prefer- 
ably  cut  down  the  driving  power  until  it  is  just  about  sufficient  to 
run  the  generator  at  zero  load.  This  will  automatically  reduce  the 
load  on  the  generator. 

2.  Adjust  the  n*sistance  in  the  iield  winding  of  the  machine 
which  is  to  be  cut  out  until  its  armature  current  is  a  minimum. 

3.  0|)en  the  main  switch,  then  the  eijnalizer  switch. 

It  is  usually  sutiicient,  however,  to  simplv  disconnect  a 
machine  from  the  bus-bars,  thereby  throwing  all  the  load  suddenly 
on  the  remaininfj  machines,  without  havint;  made  any  si)ecial 
adjustments  of  the  load  or  the  field  current.  The  objection  to 
this  method  is  that  it  may  cause  serious  huntint;  of  the  remaininif 
machines. 

NoTK.  The  field  circuit  of  the  generator  to  l)e  dinconnecled  from  the 
bus-bars  must  not  be  opened  before  the  main  switch  has  been  opene<l;  for 
if  the  field  were  opened  lirHt,  a  heavy  current  would  llow  between  the 
armatures. 

i6i.  Typical  Switchboard  Panel  for  Two-Phase  Alternator 
Operated  in  Parallel  With  Other  Two-Phase  Machines.  Fig.  iVM 
shows  front  and  side  elevations,  and  complete  wiring  diagram 
(back  viewj,  of  one  of  theCieiuMal  Electric  Company's  switchboard 
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panels  for  a  two-phase  alternator  whieli  is  to  be  operated  in  parallel 
with  other  two-phase  machines. 

The  potential  transformer  which  supplies  rednced  voltage  to 
the  voltmeter  and  to  the  synchronizing  buses  has  its  primary  con- 
nected across  one  jihaxe  of  the  generator,  and  the  synchronizing 
device  is  exactly  the  same  as  for  the  shigle-phase  machines. 


Till-  iMpiijitin'nt  of  this  two-phase  generator  jHtnel  differs  from 

t  ..f  til-'  siiigk-.pliiis,.  ]miiel  sliowii  in  Fig.  HitS,  in  the  followinjr 


jm 


I'll]    The  tnain  ^eneriilor  xwitch  \»  a  ri>ur-)iole  Hwitcl)  for  connect  in  k 
tlie  limr  Ifinl.s  Irijiti  tin;  ;reiieruliir  Co  the  fiinr  liiieti  whicli  pans  onl  from  tlit 

iji)    'I'wD  nlleriiiiliii;;  ['iirrciit  aiuinelerM  are  UHe<l,  one  for  eacli  phan?. 

'I'lie  "^'iTieraliir  ihi-osiiit"  is  in  the  liel<t  eircnit of tiie  Iwo-pliaseknii- 

tTiilov,  iiiirl  tlie  "excilvr  rlieoslut  "  is  In  Uie   lielil  (firt-uit  of  tlie  exciter, 


Thr  ri|ijipirii'iLt  of  ap)>;initiis  for  this  ]>am-l  is  as  follows  : 

H  -   rlifostftt  in  llie  lii^lil  circiiit   of  I  he    Kenerator,    "tw^neralur 

rlieosiHl  ■', 
<i    ■- -  lutiJiK'ier  ill  the   lieM   i-in-iiit   of  the  ^neraUir,    "  lieli]  aiu- 


V  -  voltmeter  helueeri  tli 
ator  (thruugh  the  ]"> 


leniiiiials  of  one  phase  of  the  gener- 

iiial  transformer). 
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A|  RDil  A;  =  Biuiueient,  uii«  Tor  t-ucli  jihai^;  or  liit?  generator. 
L  =  K.vnc'bnmizltit;  laiii|i. 

r  =  rlieuBtat  in  the  Held  eircuil  of  the  exciter,    "  t;xi-lt«r  rheo- 
BUt ". 
/,/,/,/=  ftaKa. 

The  four Biuall  ciruleealHive  and  lielnw  the  wanli*  "^fncbrunlKltm 
busses  "uetbepolDta  of  tlie  four-pole  maiuHwlteb. 


big.  :-inT. 

Fig.  Ji37  sliowrt  tlin  i.'(iiii[il«'l<-  ciiiLiL.-ctiims  of  two  [wii-[.lm8o 
^'iieratura  for  jmnitlfl  nimiing. 

i6a.  Typical  Switchboard  Panel  for  Three-Phase  Generator 
Operated  in  Parallel  with  Other  Three-Phase  Machines.  Fiir.  ;i:J^ 
hIiows  front  anil  siilc  clcvjitioiis,  aiiil  coniijlclc  wiriiitr  ilia^rani 
(Iwi-k  vk'w)  of  (.ill.  of  tin- (!.-ii. Till  Kl.-i-tri<-  ('otji[j;uivV  switolilKmiil 
jiaiielB  for  ft  tlircf-|)]iitsf  iillcrriiitor,  wliich  in  to  \<f-  o|«'iiiii'i|  in  |iiir- 
(illfl  with  (itlicr  lliivi--j<liii.si'  niin-hirics.  Tin-  [mtciitiiil  irjiiitifonncr 
M-lik-li  siiii}»lii-s  R-ilmvii  volintr,,  i„  Uu-  vultiiicii-r  iiiiii  to  tin-  hvii- 
(.-liroiiiisiiiir  1)ns!M'S  Iism  its  jiriiiiiiry  wmniftiii  iicros.s  out-  [iliasf  of 
tilt'  gent^nitiir.  iinil  tlir  svin'liroiiiziii^  lU-vicv  U  <  xiK'tly  tin-  wiiiie  as 
for  Biiigli^-pIiHfM^  iiiHc-liirn's. 

TJif  cqiiiiiiiji-nt  of  tlild  llircc-iihaHf  iitint-l  dtiroit;  rmni  that  of 
tlio  Biiigli'-jihiise  ami  Iwn-jihuiii'  |Kiii('lri!iIi<iwii  in  i'ii^s.  iJ*'"'  '  -iiflJ, 
ill  tLn  following  [larticiiliirs-  : 
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S  s  S  "  c  t    E  J     " 
e  ^  £  0  b  I    t  E      fe 


{  IIh  It)  ll[i     irKi  II    L  -uili  ll  t-  <lliii( 

thollini  LUKrii  I  U  ih.1  >  ilii  llirti  liiit-  \\i\ 
IIk'  I>iiiu  I  nLi.>iii.1ithiii  Ik  t- 

■  I.      'I'linv    :ill.'rii:ilniL--riinviil    iiiiiiii.'lt-i 
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Kit/.  388  also  shows  the  followinc/  points,  which  however,  are 
^^ot  eharaeteristie  of  a  three-phaso  jianel,  hut  initrht  Ik*  used  on  a 
^^vo- phase  panel. 

[d)  The  two  phases  not  connected  to  the  potential  transformer 
proper,  are  stepped-iiown  to  a  reduced  voltage  by  the  use  of  one  addi- 
tional potential  transformer  T,  Fig.  H;>8. 

As  explained  in  article  l.'^vJ,  two  transformers  nuflice  for  stepping- 
Uown  three  pliases  to  two  phases.  Both  potential  transformers  have  their 
-«ecoiidaries  connected  to  a  "  voltmeter  plug  switch  ",  hy  means  of  which 
the  voltmeter  may  be  connected  so  as  to  indicate,  at  the  will  of  the  oper- 
ator, the  voltage  of  any  one  of  the  three  phases. 

(6)  The  lines  which  pass  out  at  the  top  of  the  panel  in  Fig.  :i."J8  are 
Hbown  connected  to  the  three  main  bus-bars  or  rods. 

(c)  No  exciter  is  shown  in  Fig.  J^iH,  and  no  exciter  field  rheostat, 
but  the  panel  is  arranged  so  that  one  large  exciter  may  be  used  for  all  tlie 
generators.  For  this  purpose  exciter  busses  (two  of  them),  connect  the 
one  large  exciter  to  all  the  generator  panels. 

(d)  The  generator  field  rheostat  is  geared  to  the  hand  wheel  by 
means  of  sprocket  wheels  and  chain  on  the  back  of  the  switchboard. 

The  equipment  of  ap])aratus  for  tliis  ])anel  is  as  follows  : 

R  —  '* generator  held  rheostat". 

a  —  ammeter  ^<!irect-current)  in  the  lield  of  tlie  generator. 

V  ~  voltmeter  between  the  terminals  of  one  pliase  of  the  gener- 
ator (through  potential  transformer). 

p  =  voltmeter  plugswit<*h. 
Ai,  A2,  A.-}  =  ammeters  for  alternating  currents,  one  in  each  pliase  of  the 

generator. 

L  —  synchronizing  lamp. 

S  —  main  generator  switch, 
/,  /,  /  ^-  ruses. 

T  ~  additional  potential  transformer. 

163.  Feeder  Panels.  In  large  generating  stations,  the  hus- 
bars,  to  which  the  various  generators  are  connected  in  parallel,  leail 
from  the  generator  |)anels  to  the  feeder  j)anel8.  The  feeders  are 
the  separate  and  distinct  circuits  which  receive  current  from  the 
bus-bars,  and  transmit  it  outside  the  station  to  points  more  or  less 
remote.  Kiwh  pair  of  feeders  (or  set  of  three  or  four  in  polyphase 
distribution),  as  it  conies  into  the  station,  is  protected  by  lightning 
arresters  as  explained  elsewhere.  From  the  lightning  arresters  the 
feeders  are  brought  to  the  feeder  panels  through  fuse  blocks,  and 
through  ammeters,  and  connected  to  bus-bars  by  means  of  suitable 
switches. 
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When  there  are  but  few  feeder  circuits,  the  feeder  switches 
are  mounted  on  the  generator  panel  as  shown  in  Fig.  330. 

Ground  detectors  are  used  primarily  for  detecting  grounds  on 
feeder  circuits,  and  whei*e  many  feeders  are  connected  to  the  bus- 
bars,  the  ground  detectors  are  mounted  on  the  feeder  panels. 
When  there  are  but  few  feeder  circuits  the  ground  detector  may 
be  connected  to  the  bus-bars,  in  which  case  the  ground  detector 
may  be  mounted  on  a  generator  panel  or  on  a  feeder  {)anel,  if. 
feeder  panels  ate  used. 

It  is  frequently  desirable  to  control  the 
voltage  supplied  to  a  feeder  circuit  independ- 
ently of  the  voltage  between  the  bus-bars.  For 
this  purpose  voltage  or  potential  regulators 
are  used,  and  these  voltage  regulators  are 
.  either  mounted  upon  the  feeder  panels  or  are 
controlleil  by  levers  or  hand  wheels  which  are 
mounted  on  the  feeder  jmnels. 

When  the  energj'  (watt- hours)  delivered  to 
a  ftviler  circuit  is  to  l>e  measure<l,  the  reconl- 
iiitX  wattmeter  is  inoiinttHl  on  the  fet^ler  piiiel. 
Cireiiit  hreakefti,  when  useil,  are  usually 
iiiouiiteil  u|K)ii  the  feeder  piiiels  and  arranofed 
to  open  the  feeder  switeh  when  the  current 
delivered  to  the  feeder  becomes  excessive. 

liir.  :{:J<)  shows  a  front  elevation  of  a  tvp- 
iral  three-phase  fi^inler  panel  manufactured 
l>v  the  Wesiinixhouse  Electric  and  ilfir.  Coiii- 
paiiy.  The  etjuipnient  of  this  ]KineI  includes 
the  followint^  apparatus: 


3  k  ^TCH 


J 


COD 

FUSE  BLOCKS 


Fijr 


:;♦>. 


1  pilot  lanij),  hracket,  and  ^hade. 

."  alternatinjr-i'urrent  ammeters,  one  for  each  line  of  the  three-line 
fee<ier. 

1  three-pole  Iii^h-voltajre  douhle-hreak  plunger  switch,  mounted 
back  of  the  panel  and  operated  hy  a  lever  ou  the  front  of  the  panel. 

o  single-pole  fuse  hlooks. 

164,  Hig:h-Voltag:e  Switchboard  Panels.  In  alternating- 
current  rreneratintr  stations  for  lon^r  distance  transmission,  the 
alternatinjT  currents  are  generated  at  a  nu^iliuni  or  low  voltage*  and 
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are  then  stepped -up  to  10,000  to  40,000  volts  or  more  for  trans- 
mission. In  such  stations,  the  low  voltage  switches  and  controll- 
ing devices,  including  exciter  switches  and  rheostats,  are  mounted  on 
{>anels  separate  from  the  high-voltage  switches  and  devices.  Such 
stations  have,  tnerefore,  low-voltage  panels  and  high-voltage  {mnels. 
The  high-voltage  panels  differ  from  the  low-voltage  j)anels  in  hav- 
ing very  much  greater  distances  between  the  high-voltage  parts, 
in  order  to  avoid  the  danger  of  short-circuit  by  sparking  across 
through  the  air,  and  in  having  special  forms  of  switches.  These 
8{)ecial  switches  are  described  in  following  articles  with  other  forms 
of  switchboard  apparatus. 

Special  Switchhodrd  P(rn(h,  Usually  the  fuses,  switches, 
starting  and  controlling  devices  which  are  used  in  connection  with 
a  synchronous  or  induction  motor,  a  rotary  converter,  or  a  motor- 
generator,  are  for  convenience  mounted  upon  a  switchboard  panel. 

SPECIAL  SWITCHBOARD   APPARATUS. 

165.  The  Lincoln  Synchronizer.  When  incandescent  lamps 
are  used  as  synchronism  indicators  in  the  starting  of  a  synchronous 
motor,  or  in  the  paralleling  of  alternators,  the  pulsations  of  bright- 
ness indicate  only  the  d'tf^rencv  in  fretjuency  of  the  two  machines, 
and  it  is  in  general  impossible  to  tell  from  the  behavior  of  the 
lamps  which  of  the  machines  is  running  at  the  greater  frequency. 

The  Lincohi  synchronizer  is  a  device  for  indicating  positively 
the  difference  in  the  frecjuency  of  two  alternators  which  are  being 
adjusted  into  synchronism,  and  also  for  indicating  positively  the 
phase  difference  of  the  two  machines  at  each  instant. 

The  Lincoln  synchronizer  is  a  vt*ry  small  machine  of  which 
the  iron  parts  are  exactly  like  the  field  magnet  and  armature  core 
of  a  very  small  two-pole  direct-current  motor,  except  that  both 
field  magnet  and  armature  core  are  laminated.  The  field  magnet 
is  excited  with  alternatinix  current  by  connectincf  the  field  windintr 
to  the  terminals  of  A,  of  the  alternators  A  and  B,  which  are  being 
synchronized.  The  armature  of  the  synchronizer  is  wound  with 
two  coils  V.  a^d  d  at  right  angles  to  each  other.  Each  of  these  coils 
is  indej>endently  connected  through  collecting  rings  to  the  termi- 
nals of  alternator  B.  Coil  r  has  conm^cted  m  series  with  it  a  non- 
inductive  resistance,  and  coil  d  has  connected  in  series  with  it  a 
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'  M'ing  witlidrawn  from  tbe  clips.  Tlie  vent  out  of  which  the 
■  iiftallic  vapora  art-  Mown  wbeii  the  fuse  lUflts,  iti  at  tlie  end  of  the 
l»arrel.  In  the  WeBtin^honse  expulsion  fuses  deacribe<l  in  article 
108e,  the  vents  are  loc'atHl  on  the  sides  of  tlifliarrel  op[Kisitethe|xisi- 
tioii  of  the  attendant's  handasheiviilaces  the  fuse  Imrrel  in  position. 

A  filiifhtly  dilfereiit  style  of  barrel  fuse  is  shown  in  Fif^.  ;U!, 
in  which  tbe  liandle  is  distinct  from  the  enelosiiij^  tuln'. 

167.  Special  Switches.  S[)ecial  styles  of  switehea  are  re 
quired  in  iiiaiiy  cases  in  altcrnatirijj-curri-iit  work  on  aecouni  of 
tbe  c.xceissivelv  bi^h  voUa^'s,  esiieciidly  wlifii  the  switch  biin  lo 
Iiaiidlc  b.r;re  enriviils  at  In^h  vollajr... 

Tbe  u.se  of  a  marble  slali  lH-tweeii  llic  hiatles  and  coulact 
fKiiiits  of  a  d(iubK--|Mile  wwitcb.  as  11  barrier  fur  [ireveLiliii^f  ibe  ares. 
M'Ineli  are  foruied  wbeii  the  switch  is  opcue.l.  from  llasliin^^  across 
and  short-circuiliui,'  the  jioinls  of  tbe  Bwilcli  which  are  connecliHl 
to  the  ^eiicratop  terminals,  lias  alivady 
been  meiitioneil  in  article  ir).").  Such  a 
switch  with  marble  barrier  is  shown  in 
Ki(-.  331 . 

ArciniT  is  reduced  lo  a  minimum  in 
every  case  by  iijiciiin^  the  switch  very 
quickly,  and  all  of  the  sptvial  allcrjiat- 
iiif^-curreut  switches  descriU-d  below. 
are  arranged  lo  ^^)^•n  with  a  sua|),  even 
tliough  the  coiitrolliuff  lever  is  moved 
slowly. 

^[nltipb'-break  switches  are  use<l  lo 
lessen  tbe  trouble  fcoiri  arciuir.  A  mi'/- 
t!ph.hn„l.-  switch  is  one  which  makes 
two  or  more  breaks  (in  series)  in  a  circuit  kIj;.  ;!41. 

siinnltaneously.     Some  of  tbe  special 
switches  described  below  arc  doulilc-brcak  switches. 

Damage  to  switch- blades  and  clips,  due  to  aivinjj.  is  rcihiced 
to  a  tuiniinuiu  by  providing  carbon  blocks  which  make  u  connw- 
tion  in  parallel  with  tbe  switch  connection  proper.  'Wiicn  the 
switch  is  opened,  the  metal  connection  is  broken  first,  and  the  car- 
bon connections  afterwards,  so  that  tlie  arcing  always  takes  place 
lietween  tlie  carbon  bbn'ka. 
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Tbe  same  inerhc^is  arv  av^AiUble  for  suppressing  the  arc  be- 
tween the  brwik  |¥>iDts  of  a  switch  as  for  suppressing  the  arc 
which  Ic-kJs  to  m:i:ata!Q  itself  between  the  terminals  of  a  fuse  link 
when  the  Hak  fuses.  Thus  some  of  the  switches  to  be  descril)ed 
brwik  the  cirvuit  Wtwt^n  the  end  of  a  movable  copper  rod  and  asta- 
•  tionarr  copj^r  socket.  U>:h  of  which  are  surrounded  by  a  porcelain 
tube,  thus  utilizing  the  expulsion  principle  for  suppressing  the  arc. 

The  most  effective  methiJ  for  suppressing  the  arc  on  a  high- 
«T>Itai^  switch  is  to  desUrn  the  switch  so  as  to  open  quickly  under 
•MK  and  for  very  h-'srh  voltages  to  provide  for  several  simultaneous 


^ 


Fi^.   -4::. 

broakii  in  r^frirs.      <  *:'.->\v::olits  :i~f  !.m\v  :i!inosl  univtrsjillv  us<nl  in 
larixe  im>lt*r:i  liii:h-\  v»'.:ai:f  >::i: "..■:.-. 

Hi:.  -^^^  >lu»\\s  a  l.:i:h  vii!::t;jr  four-j»<^»le  douMf-hreak  ^uny 
switrli  iiramifiii-t'.irol  l-v  :Lr  Wt'-:::.^-:u»;j>r  KKi-trie  and  Manufac- 
turiniX  i  oinpany.  I:  i-  arr:*:.!:-!  >^«  ::.:»:  liu*  nrraks  «K.vur  in  iM.r- 
ivlain  tulK'<  in  otNirr  :•»  -iijinss  ::.r  arcs  l»v  e\|.n:-it»n,  as  in  \hv 
case  of  expulsion  or  barrel  fuses.  Tliis  switch  is  oniinarilv 
niouiiti*<i  on  the  baek  of  the  >\vire!i:Mani,  and  is  opentteil  by  a 
lever  on  the  front  of  the  iKuinl  as  shown. 
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A  cast-iron  frame,  mounted  upon  the  back  of  the  marble 

»1,  serves  as  a  support  for  the  porcelain  cylinders  as  well  as  a 
ide  for  the  operating  rod  which  passes  through  the  long  central 

t  as  shown  in  the  figure.  This  operating  rod  is  controlled  by 
lever  on  the  front  of  the  panel. 

The  slender  copper  rods  or  plungers,  shown  in  the  figure,  are 
to  a  metal  spider  or  crosshead,.  being  insulated  from  the 
ider  by  thick  insulating  bushings.  This  spider  is  supported  on 
end  of  the  operating  rod,  upon  which  is  a  collar  which  com- 
l^'presses  a  helical  spring  when  the  switch  is  closed  by  pulling 
^.  down  the  operating  lever.  As  the  switch  is  closed  the  copj)er  rods 
enter  the  porcelain  cylinders  and  make  contact  with  spring  sock- 
ets, which  are  in  metallic  connection  with  the  binding  posts  shown 
at  the  base  of  each  porcelain  cylinder. 

When  the  switch  is  opened,  the  movement  of  the  controlling 
lever  trips  a  catch  which  releases  the  operating  rod,  and  the  com- 
pressed spring  throws  the  crosshead  and  attached  copper  rods  out- 
wards, thus  suddenly  breaking  the  circuit,  or  circuits,  which  are 
controlled  by  the  switch. 

The  switch  shown  in  Fig.  342  is  designed  to  connect  four 
wires  from  a  two-phase  generator  to  the  four  wires  leading  to  the 
bus-bars,  or  to  a  four-wire  feeder  circuit.  This  rerjuires  eight 
porcelain  cylinders  and  eight  plunger  rods  to  give  a  double  break 
in  each  of  the  four  distinct  circuits.  The  four  leads  from  the  two- 
phase  generator  are  brought  to  alternate  binding  j)osts,  shown 
mounted  on  the  left-hand  ends  of  the  porcelain  cylinders,  whereas 
the  four  circuit  wires  are  connected  to  the  four  remaining  binding 
posts.  The  copper  plunger  rods  are  connected  together  in  pairs 
by  metal  bridges  near  the  supporting  spider.  One  of  these  bridges 
shows  in  Fig.  342. 

Any  one  of  the  four  distinct  electrical  circuits  is  completed 
through  the  switch,  as  follows:  One  of  the  four  dynamo  leads  is 
connected  to  the  binding  post  A,  whence  the  current  passes  up  rod 
B,  across  the  bridge  C,  and  down  the  rod  D,  to  a  feeder  wire  con- 
nected to  the  binding  post  E. 

Fig.  343  shows  a  three-pole  double-break  spring  or  snap  oil 
switch  manufactured  by  the  General  Electric  Co.  This  figure 
shows  the  switch  with  the  oil  tank   removed.     This  particular 
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5\\ilrh  liH>  :i  trip  iiifcliaiiisiii  which  is  rt*lt»a5e<l  fK»i*lrii'alh\  a?  in 
the  oixliiiarv  *lirtvl-riirnMit  t-in*uii  Kr^aker,  hv  an  irou  uluiitri^r 
which  is  iiH»Vi*<l  i»v  a  S4»lfiioiJ  tlimui^h  which  riiiws  llie  altcrnatiiiir 
current  tone  of  the  thret*  currents  controlle^l  hv  the  switch ».  When 
the  trip  inei'hanisiii  is  released,  the  switch  opens  with  a  snap,  and 
it  is  closed  hv  hand. 

Fiff.  844  shows  the  same  tvi^e  of  switch  as  is  shown  in  84;i 

r*  •  I 

but  with  the  oil  tank  in  jKisirion.  This  juirticular  switch  is  oj>er- 
ated  bv  hand. 

Tlie  six  leads  for  the  three- jK>le  switch  shown  in  Fig.  343, 
pass  throutrh  h>ntf  jx>rcelain  hushinors  in  the  metal  bracket  which 
serv^es  as  the  supj>ort  for  the  switch  mechanism,  and  as  a  cover  for 
the  oil  tank.  These  leads  connect  to  the  spring  soc*kets  shown  in 
the  titrure.  Tlie  three  vertical  rmls  shown  in  the  titfiire  are  made 
of  well-seasoneil  wood,  and  each  of  these  wcKnlen  roils  carries  at  its 
lower  end  a  metal  cross-piece  with  two  conical  lugs.  When  the 
switch  is  closed,  these  cross-pieces  are  drawn  up  and  the  conical 
lucrs  are  forceil  into  the  si»rincj  sockets,  thus  makinir  connections 
across  l>etween  each  |>air  of  spring  s(X*kets.  AVhen  the  switch  is 
o(R*ned,  the  wooden  roils  are  pushed  suddenly  downwards  making 
two  breaks  in  each  circuit. 

The  oil  switches  of  the  General  Electric  Company  are  numu- 
factured  single-pole,  double-pole,  triple-pole,  and  four-jH>le,  all  be- 
ing of  the  single- throw  tyjK*,  and  in  three  general  forms,  as  follows: 

(a)  Hand-operated  (Fig.  844)  for  ni«  anting  <1irectly  upon  the 
Hwitcli  hoard. 

[f})  For  installation  at  a  remote  point  within  fireproof  conipart- 
mentfl,  or  " cells"  nia<le  of  hrick,  and  for  hand  operation  from  the  frt)ntof 
the  switch  hoard  through  a  system  of  levers.  The  arrangement  of  leverw 
is  shown  in  Figs.  84o,  84H,  ;)47,  and  .*>4S.  For  systems  in  which  the  voltage 
exceeds  6,(H)n,  the  switches  are  usually  remote  frt)m  the  switchhoanl.  it 
is  especially  desirahle  to  enclose  oil  switches  in  lirepro«)f  com)>artnients, 
inasmuch  as  the  explosixe  action  of  the  arc  under  oil  sometimes  throws 
the  oil  out  of  the  tank  and  may  set  fire  to  it  at  the  same  time. 

((•)  For  use  in  comhination  with  an  electrically-operated  tripping 
mechanism,  making  the  switch  into  an  automatic  circuit  hreaker.  This 
form  is  made  for  mounting  upon  the  switchhoard  as  shown  in  Fig.  S4o,  or 
for  remote  installation,  as  desired. 

Fig.  349  is  a  general  view  of  a  (Tcneral  Electric  three- pole  oil 
switch,  or  rather  three  single-pole  switches  operated  by  an  electric 
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motor,  which  is  controlled  from  the  switchboard.  Each  single- 
pole  switch  ID  Fig.  349  is  nionnted  in  a  separate  brick  conipart- 
m«it.  The  oil  is  contained  in  long  metal  cylinders  in  order  to 
reduce  the  smonnt  of  oil  to  a  minimnm.  The  long  brass  connect- 
ing rods  pass  throngh  holes  in  the  porcelain  bushings  in  the  tops 
of  the  cylinders,  and  the  ends  of  these  rods  carry  conical  lugs 
which  tit  intoBpriogsockets.  Ttiese 
spring  sockets  are  connected  to  rods 
which  pass  out  throngh  porcelain 
bushings  In  the  bottoms  of  the  cylin- 
ders, and  these  lower  rods  are  con- 
nected together  in  each  conipart- 
ment.  thus  making  a  donble  break 
single-pole  switch.  Tlie  metal  cyl- 
inders in  Fig.  34!*,  and  the  metal 
tanks  in  Figs.  343  and  344  are  en- 
tirely insnlated  from  the  switch 
points  proper. 

The  type  of  oil  switch  illus- 
trated in  Fig,  349  is  today  tlie 
standard  for  high  voltage  circuits 
carrying  large  alternating  currents, 
and  is  used  extensively  in  many  of 
the  most  recent  hierh-voltai^e  genor- 
ating  statiODB. 

Fig.  350  shows  a  common  form  of  knife  switch  Bpi'cially  coii- 
strncted  to  give  a  quick  break.  The  switch  blade  is  in  two  pirts 
a  and  h,  to  one  of  which  (")  is  attached  the  o|>eratiiig  litiinlle.  Tiie 
two  parts  a  and  h  of  the  blade  are  connected  by  strong  helical 
springs  »  «,  one  on  each  side  of  the  blade.  When  the  luiiidle  is 
pulled  forward  to  open  the  switch,  blade  «  leaves  clip  <-,  white  the 
springs  are  put  in  tension  more  and  more  until  the  switch  blade  b 
is  pulled  from  the  clip  c,  with  a  snap,  thus  causing  a  sudden 
breaking  of  the  circuit.  Fig.  350  shows  two  single-pole  ijuick- 
break  switches.  The  one  on  the  left,  designed  for  000  amjHTea,  is 
provided  with  two  massive  tubular  terminals  t  f,  into  which  ihe 
terminals  of  the  main  circuit  are  inserted  and  soldered.  The 
switch  on  the  right,  designed  to  carry  3,000  amjx!re8,  is  furniMlied 
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with  massive  studs  '/  >J.  wliit-h  project  through  holes  drilled  io 
the  switehhoard  lo  the  back  of  the  hoard.  Connection  to  these 
studs  is  made  by  clamping  the  terminals  of  the  main  cironit  to 
them  by  means  of  the  thre-aded  nuts  n  i/.  On  account  of  the 
large  current  to  liy  carried,  extra  large  contact  surfaces  are  pro- 
vided between  switch  blades  and  clips,  as  seen  in  the  figure. 

168.     Feeder  Regrulators;  Potential  Regulators.    'When  t^ev. 
era!  feeder  circuits  are  supplied  from  the  same  bus-hars,  and  when 


[■..iilml  llic  v.iliii^r,.  nil  each  ff,..h-f  ciraiil  m,./-/-,  „-/. 
,/-////  <.f  the  (itluT.-,  f,v.ler  n.^-uhil-ns  miv  ivipiired. 

The  hingle-pha-se  feeder  n-^rukt„r  is  an  auto-tran.sformer  with 
its  prJTnary  ceil  connected  across  (tliiit  is  as  a  shunt  toi  the  bul- 
bar.;, and  its  Secondary  connetited  in  series  witli  ihe  feetU-r  circuit. 

(<f)  III  .>riet,viie"rfee<leri-iin;le-ii)iuse  rcitiilat.ir  illie  Stillwell  Hit- 
heccindxryc'ciil  ]ihh  many  leiulx  l>roii>rlit  out  In  |">>I><><«>1  a  •MhI  hw'Ii-1i.  r^- 
llmt  Ihe mniiher  (if  active  tnrMHiin  the  wn.tnlnry  cnil  nniy  lie  <-lu)iiKe<i  nl 
will,  iliiiei  iiermittini;  Hit:  atljnstnient  nT  Hit  ree<l«r  voltage  to  any  ilesireil 
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(M  III  aiiiilher  ly|ie.  Ihtr  |iniiiai>- arul  yniiixlan-  ii>ili>  an?  wouiiil 
al  rIpLt-uicles  t»  eftt-h  iiilif  r  on  xhv  itiiitr  faiv  of  a  laiiiinatetl  inm  riri:; 
venrmuch  lifee  iliei>uiur  riiiiEuf  an  iii(lut.-iiiiii  iiit>t»r.  Tliv  inacnetk-  Itiix. 
due  tu  llie  primary  mil.  \*  niaile  In  par#  in  vh-U  nr  in  /i>rr(  llin>ut;h  lh« 
eecondarj'  evil  Uy  luniini;  a  laniiiiateil  iiiTe  a^  trx)<laiiit!<)  l-flnw. 

■-  Pi>l.v|-liar«  fe«iler-iVKU latum  tii'uaii.v  coitMUI  t>f  Mfveral  i>iii^l«- 
lihaw  re]*ulaii>r)<,uiie  fur  each  )<lia»e.  Th«  ail\aiiiamuf  IIim  amiiiKiDOl 
ii)  tliat  Ibe  vvlia)^  uf  eai-li  |>hAi>e  may  lie  *.MUiri>iiwl  t«|>arately.  A  imiu- 
)i1d«*I  polyphase  leealci'miuUtor  tf.  h»wever.  M>nieiiuie«  uMni. 

ill)  The  St:U.c,ll  I!.-i'il.,t..r.  Fig.  351  is  a  fp-neral  view 
of  a  Stillwell  siiifrle-pha^ie  vultajie  iv^latar  with  it*  dial  ewitcli 
eoiiipIet*r.  Till"  <lial  switi-h  aloiu-  is  elii>wii  in  Fig.  )J.V».  Tlie  cam- 
jilet*-  iiilfnial  cuiinectioiis  am  sbuwu  in 
Fiu.  85S.  Thf  priiiiarv  coil  of  ilie  ix-gii- 
lator  is  |ieriiiani?iitly  coiiiiw.-tt^  acroi^s 
iht^  Iiils-liars  ^or  gfuenttur  ttTininalsi. 


Fig.  ;»l 


Olio  fceiler  wire  [iiisses  uiit  «lire<.'tly  froTii  llu'  fri'iierator  niui  tlie 
otlier  passes  thi^iigli  few,  or  iiiaiiv,  turns  of  llie  sti-oiniary  coil  of 
tliB  refTiilator,  and  tbence  to  the  line.  The  reversini^  switeli  A, 
Bervi'9  to  connect  tho  ftnjder  ;'  to  one  or  the  oilier  lerniinal  of  the 
secondary  coil,  and  the  arm  of  tho  dial  switch  eonneets  tlie  line 
wire  to  liny  one  of  the  taps  which  are  bronjrlit  out  fnnii  the  nee- 
undary  coil.  For  one  jiosition  of  the  re'versinfr  swileli,  the  indnctnl 
voltage  in  the  eecondary  tiirns,  which  an.i  connected  in  seiien  with 
the  fi-eder  circuit,  is  ai]de<l  to  the  generator  voltage,  thus  raising  the 
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ftfiliT  voltajp'.  Fur  tlif  fitluT  jiitKitioti  of  tlie  reversinf^  ewitch, 
iii<liic(il  viiltu<^t-  in  till!  scttHidHry  turns,  wLicb  are  in  series  i 
llif  finlt-r  t-irc-uil.  id  KwhtractiHl  from  the  geiierutor  vultHge,  I 
r<flii«iiiir  tilt!  ftfdtT  voltage. 

When  the  arm  of  the 
switch  tonchea  two  adjac 
contBet  points  (aud  it  mns 
arntiiged  to  always  toui-h 
jioiiit  Ijffurtf  it  leaves  th«  otl 
the  iriterveiiinij;  turn  (or  tii: 
of  the  secoiidurv  foil  of  the  i 
iilator  is  short -circuited, 
oven-iiiiio  this  ditticulty, 
arm  is  made  double,  that  is, 
arms  A  atid  B  iiiovo  togel 
side  \ty  side  as  shown  in  1 
854.  These  arms  are  shi 
c'oiiiiefted  to  two  contact  poi 
say  1.^  and  Ifi.  C  reprt.>seii 
B|tec-ial  form  of  ohokc  coil  < 
Kisiiiiir  of  two  windiiiirs  on 
in)ri  fitre.  Tliese  two  windi 
am  an-anfii'd  so  that  e<]iiHl  ( 
it-iiirt  lluwiiiji  out  fn>m  A 
}>  cii-<-u]at«  ui-omid  the  cun 
i.]i[Mi^ile  direct  ions,  so  that 
core  in  not  mtitrnetized,  and 
wiriditii^s  <if  t'  have  iio  ehuli 
iii'lion,  ^\  hen,  however, 
U  of  the  dial  switt-h. 
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Bitely  flowiag  currents  circnlato  around  tlie  core  of  0  in  the  same 
direction.  These  currents,  therefore,  magnetize  the  core,  and  th« 
windings  of  C  have  in  consequence  a  very  considerable  choking 
action.  The  effect  of  the  special  choke  coil  C  is  to  choke  down 
oppositely  flowing  currents  in  tlie  finders  A  and  B,  and  at  the 
same  time  to  allow  currents  flowing  in  the  same  direction  in  the 
fingers  A  and  B  to  flow  througli  it  without  any  choking  action. 

(h)  The  iiiaijutiie  vilUiiji-  ri'ijuliitin:  The  tyjw  of  voltage 
regulator  mentioned  nnder  (b)  above  is  sometimes  called  the  mag- 
netic voltage  regulator.  A  laminated  iron  ring  11 11  U  li.  Fig.  3o5, 
has  four  large  deL'p  slots  on  its  inner  face  in  which  the  primary 
coil  P  P  and  the  secondary  cuil  S  S  are  placed.  A  laminated  core 
0  C  mounted  on  a  spindle  is  arraiigiKl  to  be  turned  into  any  deaired 
position  by  means  of  a  hand  wheel.  In  the  |)osition  indicated  by 
full  lines,  the  core  carries  the  magnetic  llnx  dne  to  the  primary 
coil  in  one  direction  through  the  secondary  coil,  and  in  the  ]K>si- 
tion  indicated  by  dotted  lines, 
the  core  carries  the  magnetic 
flux  due  to  the  primary  coil  in 
the  other  direction  through  the 
secondary  coil.  Therefore 
when  the  core  is  moved  slowly 
from  the  poaition  1  to  the  posi- 
tion 2,  in  the  direction  indi- 
cated by  the  arrows,  the  voltage 
induced  by  the  secondary  coil 
changes  gradually  from  a  full 
positive  value  to  an  equal  neg- 
ative value  in  its  relation  to  the 
primary  voltage.   That  is,  when  pjg,  ^^i. 

the  core  is  position  No.  1,  the 

induced  voltage  in  the  Beeundary  coil  has  its  greatest  value  of  aay, 
100  volts  which,  if  the  coils  are  projierly  connected,  is  added  to  the 
bus-bar  voltage  E,  giving  a  feeder  voltage  of  E  +  100.  AVhen  the 
core  is  midway  between  the  two  positions  1  aud  2,  the  induced 
voltage  in  the  secondary  coil  is  zero,  and  the  feeder  voltage  is  then 
equal  to  the  bus-bar  voltage  E.  When  the  core  is  in  the  position  2, 
the  induced  voltage  in  the  secondary  coil  is  again  at  its  greatest 
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value  of  say,  100  volts,  but  in  such  a  direction  as  to  oppose  the 
hus-bar  voltage,  so  that  the  feeder  voltage  is  E  -  100  volts. 

Fig.  851)  is  a  view  of  a  magnetic  voltage  regulator  with  the 
cover  of  its  containing  case  removed.  The  two  coils,  primary  and 
secondary,  at  right  angles  to  each  other,  are  clearly  shown  with 
their  leads  passing  out  to  the  connection  board  which  occupies  the 
compartment  on  the  back  of  the  case  in  the  figure.  The  hand 
wheel  for  turning  the  iron  core  is  also  shown.  A  valuable  feature 
of  this  type  of  regulator  is  that  it  produces  a  continuous  variation 
of  voltage,  whereas  the  Stillwell  regulator  produces  a  step-by-step 
variation  in  the  voltacre. 

(c)      The  huliirtion  rt(julat(ri\     The  combination  polyphase 

induction  regulator  is  called 
the  induction  regvhrtor 
from  its  similarity  to  the 
induction  motor.  The  ac- 
tion  of  the  induction  regu- 
lator stated  in  simplest 
terms  is  as  follows :  A  reg- 
ular induction  motor  stator 
has  its  polyphase  windings 
connected  across  the  poly- 
phase bus -bars.  This  pro- 
duces a  rotating  magnetism 
in  the  stator  iron  as  ex- 
plained in  article  137. 
This  rotating  magnetism 
rotates  in  synchronism  with 
the  generator  or  generators  which  are  supplying  current  to  the  bus- 
bars. Inside  of  this  induction  motor  stator  (or  primary)  is  placed  a 
polyphase  armature  which  does  not  revolve,  but  it  is  mounted  on  a 
spindle  so  that  it  may  be  turned  through  an  angle  of  (MF  or  90  by 
means  of  a  hand  wheel  and  worm  gear.  The  rotating  stator  macr. 
netism  induces  polyphase  electromotive  forces  in  the  windings  of 
this  j)oly phase  armature;  these  polyphase  electromotive  forces  are 
in  synchronism  with  the  electromotive  forces  between  the  bus-bars, 
and  the  two  (or  more)  windings  of  the  jx)lyj)hase  armature  are  con- 
nected in  series  with  the  two  (or  more)  feeder  circuits  (constituting 


Fi«r.  •^■>r). 
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of  course  one  set  of  polypliase  fi'eders)  which  aro  to  ]ic,  regulated, 
Tht)  BlectromotiVe  forces  in  tlie  statioiiary  ai-riiaturc  winding'?  may 
be  in  phase  with  the  bua-har  electroniotivi;  forces,  in  which  case  tho 
regulator  raises  the  voltage  by  tlie  greatest  amount  of  which  it  is 
capable.  By  turning  the  stationary  armature  by  means  of  the  hand 
wheel  and  worm  gear,  the  phase  difference  betwwu  tho  bus-bar  volt- 
ages and  the  voltages  induced  in  the  stationary  armature  windings 
may  be  gradually  changed  from  coincidence  of  phase  to  opjMJsition 
of  phase,  during  which  time  the  boosting  efffct  of  tlie  ri-gnhitor 
will  gradually  drop  to  zero,  become  negative,  and  reach  its  greatest 
negative  value  when  opposition  of  phase  is  reaclitnl.  Tlma  if  the 
electromotive  force  induced  in  each  armature  windingof  the  regu- 
lator  is  100  volts,  and  if  the  bus-bar  voltage  is  1,000  (each  phase), 
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then  the  voltage  between  the  feeders  eao  be  varied  from  900  volts 
to  1,100  volts  by  means  of  the  regulator. 

Fig.  '657  is  a  general  view  of  a  sjx-pbaee  indnction  re^lator  in 
its  containiDg  case,  manufactured  by  the  General  Electric  Co.  This 
particularmachlne  Las  the  primary  windings  on  the  movable  mem- 
ber, whereas  the  armatare  windings  are  on  the  stationary  member. 

It  is  nsed  for  controlling  the  alternating-cnrrent  volt^res  ap- 
plied to  the  collector  rings  of  a  six-pbase  rotary  converter.     The 


Fi(T.  .us. 

figure  sliowti  ;i  suiall  diii'i-t-enriviit  motor  mountt-d  on  the  regu- 
liitor  case  for  turjiing  tin-  movable  iiiemlnT  of  the  regnhitor,  this 
motor  being  coiitrolled  by  the  h;iiid  wheel  shown  in  tlu'  figure. 

Fig.  358  shows  the  hiiiiinnted  iron  core  of  the  statioimr)- 
iiifiiilier  of  an  iii(iiu-ti(]n  regulator,  the  atanijiings  of  which  are 
cl»mped  in  a  casl-in.u  alu-ll.     Fig.  3511  shows  the  movable  core. 

Ratings  of  Voltage  Regulators.  It  was  ])ointed  out  in  arti- 
cle !»5,  that  the  total  amiuint  of  power  dt-livered  to  service  mains 
at  a  slightly  iricreiised  voltage  jiriKlnccil  by  an  anto-ti-auHforiiicr  U 
very  much  grealer  lliim  tlif  ])owcr  nctnally  Intnsformed  from  the 
primary  to  the  sccontlary  of  the  transformer.  In  fact  the  [>ow;'r 
actually  transforined  U  e(]UiiI  to  the  increase  (or  decrease)  of  volt- 
age multiplied  by  the  total  current  delivered,  and  the  ratiog  of 
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the  an  to -traoe  former  (which  determineb  its  size)  ie  based  upuD  the 
power  ai^tnallj  trans  formed. 

Example.  A  voltage  refjulator,  is  to  Iw  used  for  raising  the 
voltage  of  2,000-voIt  bus-bars  to  a  maxiiiiiiin  of  2,100  volts, 
and  the  maximum  cnrrent  to 
be  handled  is  100  amperes. 
In  this  case  the  transformer 
rating  of  the  regulator  is 
lOOaiiifieresat  100  volts  (or 
10  kilowatts),  whereas,  tlie 
total  power  to  be  delivered  to 
the  feeders  is,  at  its  maxi- 
mum, 2,100  volts  X 100  am- 
peres or  210  kilowatts. 

Since  a  voltage  regu- 
lator transforms  only  a  small 
fraction  of  the  power  deliv- 
ered to  the  feeders  which  it 
controls,  the  losses  of  power 
in  the  regulator  are  very 
small  indeed.  Thus  the  10 
kilowatt  regulator  above  y.)^_  ;j5H_ 

mentioned   might  have  a 

total  loss  of  300  watts,  which  is  ii  ^n-r  (.-cnt  of  the  power  actnally 
transfonneJ  by  the  regulator,  and  only  oiie-seveiilh  of  one  |)er  cent 
of  the  total  p()wer  delivered  to  the  feeders. 

XR 


169.    The  Voltmeter  Compensator  is  a  device  by  means  of 
which  the  voltmeter  on  the  Kwitchboiird  in  a  station  ia  made  to  in- 
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<iifatt*  the  volta^i*  l>t»twtH'n  the  transmission  lines  at  some  remote 
fee<iini^  center  or  reiviving  station.  The  essential  j)rinciples  of 
this  instrnment  are: 

An  alternatinjj;-enrrent  generator  G  delivers  alternating  cur- 
rent at  voltaw  E  between  its  terminals.  This  current  is  trans- 
mitted  over  a  line  of  which  the  resistance  is  R  (including  r)  and 


Figs,  mi  and  362. 

the  reactance  is  X  (including  x)  and  the  voltage  at  the  receiver  is 
E.  The  line  loss  of  electromotive  force  is  XI  due  to  reactance, 
and  III  due  to  resistance  as  explained  in  article  26.  The  relation 
between  E  ,  E,  HI  and  XI  is  shown  in  Fig.  361.  T  is  a  trans- 
former which  supplies  to  the  voltmeter  V  a  voltage  which  is  ex- 
actly in  j>h:irie  with  K  ,  and,  let  us  say,  one-tenth  as  great.     Ix?t  ^ 
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Fig.   3(x5. 

be  a  reactance  one- tenth  as  great  as  X,  and  /•  a  resistance  one- 
tenth  as  great  as  K.  Then- the  voltage  between  the  points  <f  and 
//  consists  of  two  parts,  /I  and  ,rl,  which  are  in  phase  with,  and  one- 
tenth  as  great  as,  KI  and  XI,  n^spectively.  Therefore  rl  and  ;^I 
subtracted  from  one-tenth  E   give  a  voltage  which  is  exactly  equal 
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to,  and  in  phase  with,  one-tenth  £,as  shown  in  Fii^.  :{t)2,  so  that 
the  voltmeter  being  acted  npon  by  j one-tenth  E  -  /I  - ^I)  gives  a 
reading  which  ninltiplied  by  10  is  equal  to  E. 

In  practice,  it  is  not 
desirable  to  connect  the 
voltmeter  wires  to  the  high- 
voltage  mains,  and  the 
essential  features  of  the  ar- 
rangement shown  in  Fig. 
3r>0  are  realizetl  by  intro- 
ducing  /•  and  ^  in  series 
with  the  secondary  of  a 
cMirrent  transformer  T',  as 
shown  in  Fig.  303.  More 
or  less  of  the  resistance  r 
and  of  the  reactance  x  may 
be  included  in  the  volt- 
meter circuit  by  means  of 
two  dial  switches  of  which 
the  amis  are  represented  by 
d  d,  Fig.  363.  The  objeJt 
of  thesedial  switches  is  toenable  a  given  eonijHMisator  to  Ik*  ad  justt'<i 
to  any  given  transmission  line. 

Fig.  364  shows  all  of  the  apparatus  used  in  cMnineclion  with 
the  Westinghouse  compensated  voltmeter;  the  lines  are  shown  at 
the  left,  /,  /,  T  is  the  step-down  potential  transformer,  T'  is  the 
series  transformer,  d  d  is  the  case  contain intr  tlit*  resistance  /•  and 
the  reactance  a*,  and  upon  which  the  dial  switches  an*  monntt'd, 
V  is  the  voltmeter,  and  Vli  is  the  resistance  in  series  with  the 
voltmeter. 


Fig.  H64. 
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CONNECTIONS    OF    THRBB-POLB    TWO-COIL    I-T-B    CIRCUIT     BREAKER. 

For  the  Proleclliin  -it  Three-Ph.isc  AlKTiiatlOB  Current  Motor. 
The  Cutler  tlompany. 


POWER  TRANSMISSia^. 

ELECTRIC  A  L 


The  subject  of  power  transinissioii  is  a  very  broad  one :  deal- 
ing with  the  transmission  and  disiribnrioa  of  cleciri^-al  ent-i^,  as 
generated  by  the  dTnamo  or  altemaiine-cnrrvni  gent-rator,  to  tht 
receivers.  The  receivers  may  be  lamps,  motors,  t-lectrolvtic  cells, 
etc.  Electric  distribution  of  power  is  l«ftter  than  otht-r  systems 
on  account  of  its  sufierior  flexibility,  effieitriicy.  and  t* fft^niveness  ; 
and  we  find  it  taking  the  place  of  other  methods  in  all  but  a  very 
few  applications.  For  some  purposes  the  pirobleni  is  compara- 
tively simple,  while  for  other  uses,  such  as  supplying  a  large 
system  of  incandescent  lamjis,  scattered  over  acompiarativflv  large 
area,  it  is  quite  complicated.  As  with  other  branches  of  electrical 
engineering,  it  is  only  in  recent  years  that  any  crreat  advances 
have  been  made  in  the  means  employed  for  transmission  of  elec- 
trical power,  and  while  this  advance  has  l»een  verA'  rapid,  there  is 
still  a  large  field  for  development. 

In  a  study  of  this  subject  the  different  methods  employed 
and  their  application,  the  most  efficient  systems  to  l>e  installed  for 
given  service,  the  preparation  of  conductors  and  the  calculation 
of  their  size,  together  with  the  proper  installation  of  the  same. 
should  be  considered. 

CONDUCTORS. 

Material  Used.  Power,  in  any  appreciable  amount,  is  trans- 
mitted, electrically,  by  the  aid  of  metal  wires,  cables,  tubes,  or  bars. 
The  materials  used  are  iron  or  steel,  copper  and  aluminum.  Other 
metals  may  serve  to  conduct  electricity  but  they  are  not  applied 
to  the  general  transmission  of  energy.  Of  these  three,  the  two 
latter  are  the  most  important,  iron  or  steel  being  used  to  a  consid- 
erable extent  only  in  the  construction  of  telephone  and  telegraph 
lines,  and  even  here  they  are  rapidly  giving  way  to  copper.  ISteel 
may  be  used  in  some  special  cases,  such  as  extremely  long  spans 
in  overhead  construction  or  for  the  working  conductors  for  rail- 
way installations  using  a  third  rail.  Phosphor  bronze  has  u  lim- 
ited use  on  account  of  its  mechanical  strength. 
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Copper  and  aluminnni  are  used  in  the  commercially  pure  state 
and  are  selected  on  account  of  their  conductivity  and  comparatively 
low  cost.  The  use  of  aluminum  is  at  present  limited  to  long-dis- 
tance transmission  lines  or  to  large  bus-bars,  and  is  selected  on 
account  of  its  being  much  lighter  than  copper.  It  is  not  used  for 
insulated  conductors  l)ecause  of  its  comparatively  large  cross-sec- 
tion and  consequent  increase  in  amount  of  insulation  necessary. 

TABLE  I. 
Copper  Wire  Table. 


l)iiiu'nsinn>. 

• 

Diuiuetcr. 

Area. 

Resist  aiicc. 

Ohms  i>er  fcM>t 

L  \V.  (1. 

1   Inches. 
.460 

or 

n.  &  s. 

Circular 
Mils. 

At  20"  C. 

1 

At  .tO"  C. 

1 

At  80^  c. 

(MKM) 

1   211,600 

.00004893 

.00005467 

.000060.58 

000 

.409<) 

167,800 

.00006170 

.00006893 

.OlK)07640 

00 

.8648 

1*58,100 

.00007780 

.00008692 

.0(XXW<>.83 

0 

.8249 

10.5,500 

.00009811 

.0001096 

.0001215 

1 

.289;^ 

88,690 

.0001237 

.0001382 

.(KK)1.582 

•> 

41^ 

.  "SuO 

66,870 

.0()01.5(K) 

.0001743 

.0(K)19:^2 

8 

.2294 

o2,<>80 

.0001JK)7 

.0002198 

.000248.5 

4 

.2048 

41,740 

.(K)02480 

.(HK)2771 

.0(H):^071 

o 

.1819 

88,100 

.0008128 

.0(H)849o 

.000:^78 

« 

.1620 

2f),2o0 

.(KM);^944 

.00(H406 

.(KR>4S8:^ 

7 

.1448 

20,820 

.0004978 

.000.>5.56 

.0<H)61.58 

8 

.128.-) 

16,o]0 

.00(MJ271 

.0007007 

.00077«i5 

9 

.1144 

18,090 

.0007908 

.0008885 

.(K)09791 

10 

.1019 

10,880 

.0(H)9972 

.001114 

.0012:^5 

11 

.(nM)74 

8,2.84 

.0012.57 

.001405 

.0(U.5.57 

V2 

.08081 

6,580 

.(H)1.586 

.001771 

.0019(« 

IH 

.07196 

.1,178 

.(K)1999 

.(K)2284 

.(X)2476 

14 

.06408 

4,107 

.002521 

.002817 

.(K):U22 

lo 

.OoZ07 

8,2.")7 

.(K>8179 

.0085.52 

.008986 

1(1 

.0.')0,S2 

2,588 

.(K)4(M)9 

.004479 

.(H)49t>4 

17 

.O4o26 

2,048 

.(H).5()55 

.005648 

.(HHi2.59 

18 

.04080 

1,624 

.(KMi874 

.007122 

.(H)7892 

Resistance.     The   resistance   of  electrical  conductors    is  ex- 
pressed by  the  formula: 

A     »/ 


R^ 


where 


H  —  total  resinlunee  of  the  conductors  consldereti. 
L  =  length  of  the  conductors  in  the  units  chosen. 
A  —  area  of  the  conductors  in  the  units  chosen. 
/  =  a  constant  depending  on  the  material  used  and  on  the 
units  selected. 
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For  cylindrical  conductors,  L  is  ii.^uallv  expresses!  in  ftH*i  and 

•  •        I 

A  in  circular  mils.  Bv  a  circular  mil  is  nifant  llic  area  of  a  cin.*lc 
» .iMH  inches  in  diameter.  A  s<]uare  mil  is  the  an-a  (»f  a  square 
whose  sides  measure  .<MH  inches  and  is  c«juivalenl  to  \/21  circuhir 
mils.  Cylindrical  conductors  are  dcsiirnate^l  hy  ^iu<re  nunil»er  or 
by  their  diameter.  Tlie  Brown  A:  Sharjie  (  B.  A:  S. )  or  American 
wire  gauge  is  used  almost  universally  and  the  diameters  corre- 
sponding to  the  different  gauge  numl)ers  are  given  in  Table  I. 
Wires  above  No.  0000.  are  designated  by  their  diameter  or  by 
their  area  in  circular  mils. 


TABLE  if. 

Resistances  of  Pure  Aluminum  Wire. 

Rt-slsiaint 

•aiTo    F. 

A.  W.  G. 

or 

B.  &  S. 

H 

Ohms  l.wji)  ft. 

<  »hniv  jMT  niilf. 

(NKIO 

.08177 

.4:5172 

(NIO 

.  10.510 

">4440 

iH) 

imn 

.♦W<;4') 

0 

Vi:^! 

.8«)1.) 

1 

.2<W7li 

1.091.10 

2 

.2»>077 

l.:^7<i:57 

iJ 

..3287:i 

1 .  i.>->i 

4 

.41448 

2.1 88.  J 

o 

.r,2L>68 

2.7.597 

6 

.f)")0lO 

:^.4802 

7 

.8:5110 

4.:5S8.") 

8 

1.1M)80*J 

•") .  'V5.V) 

y 

i.;^2]:^i 

0.9707 

10 

1.00(K)7 

8.80tH) 

11 

'2.h)V2 

11.0<>47 

12 

2.6497 

i:5.Jf900 

1.5 

:5.;m12 

17.042 

14 

4.8180 

22.800 

15 

0.1917 

27.402 

10 

6.09^5 

:^).:^08 

17 

8 .  447li 

44.()02 

18 

10.(>ol8 

oO .  242 

A  convenient  way  of  determining  the  size  of  a  conductor  from 
its  gauge  number  is  to  remember  that  a  number  10  wire  has  ii 
diameter  of  nearly  one-tenth  of  an  inch  and  tlie  cross-section  is 
doubled  for  every  tliree  sizes  larg(»r  (Nos.  7,  4,  etc.)  and  one-half 
as  great  for  every  three  sizes  smaller  (Nos.  18,  K),  etc.).      1,(K)() 
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feet  of  miiiiber  10  copper  wire  has  a  resistance  of  1  ohm  and 
weighs  31.4:  pounds. 

Wheny*is  expressed  in  terras  of  the  rail  foot,  a  wire  one  foot 
in  length  having  a  cross-section  of  one  mil,  its  value  for  copper  of 
a  purity  known  as  Matthiessen's  Standard,  or  copper  of  l(K)<;i 
conductivity,  is  9.58C  at  O''  C*  For  aluminum  its  value  is  given 
as  15.2  for  aluminum  99.5%  pure.  Table  II  gives  the  resistance 
of  aluminum  wire. 

This  shows  the  conductivity  of  aluminum  to  be  about  63%  of 
that  of  copper.  The  conductivity  of  iron  wire  is  about  \  that 
of  copj)er. 

Matthiessen's  standard  is  based  on  the  resistance  of  copper 
supposed,  by  Matthiessen,  to  be  pure.  Since  his  experiments,  im- 
provements in  the  refining  of  copper  have  made  it  possible  to  produce 
coj)j)er  of  a  conductivity  exceeding  100%.  Copj^er  of  a  conductivity 
lower  than  98%  is  seldom  used  for  power  transmission  purposes. 

Temperature  Coefficient.  The  specific  resistance  (resistance 
per  mil  foot)  is  given  for  copper  as  9.586  at  0^  Centigrade.  Its 
resistance  increases  with  the  temperature  according  to  the  approx- 
imate formula: 

M,  =  R   (1    -r  at) 
where  li^  =^  Kesistance  at  temj)erature  /  ,  (Vntigrade. 

R   --  -  '-         OC. 

a  ^^  .0042,  commercial  value. 

The  value  of  a  for  aluminum  doi\s  not  differ  greatly  from 
this.     It  is  given  by  Kenipe  as  .0039. 

Weight.  The  specific  gravity  of  cop{)er  is  8.89.  The  value 
for  aluminum  is  2.7,  showing  aluminum  to  weigh  .607  times  as 
much  as  c()p|)er  for  the  same  conductivity  or  resist^Mice.  It  is  this 
j)roperty  which  makes  its  use  desirable  in  special  cases.  Iron,  as 
used  for  conductors,  has  a  sj)ecitic  gravity  of  7.8. 

Mechanical  Strength.  Soft-drawn  coj)per  has  a  tensile 
strength  of  25,000  to  ;]5,000  lbs.  per  sq.  in.  Hard-drawn  cop|)er 
lias  a  tensile  strength  of  50,000  to  70,000  lbs.  per  sq.  in.,  de])endiiiif 
on  the  si/e;  the  lower  value  corresponding  to  Nos.  0000  and  OOO. 

*The  commercial  values  given  for  the  mil  foot  vary  froui  10.7 
to  11  ohms. 
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Aluminum  has  a  tensile  strength  of  about  38,000  lbs.  per  sq. 
in.  for  hard-drawn  wire  J  inch  in  diameter. 

Effects  of  Resistance.  The  effect  of  resistance  in  conductors 
is  three-fold. 

1.  There  is  a  drop  in  voltage,  determined  from  Ohm's  law, 

I  =  -^  or  E  =  JR. 

2.  There  is  a  loss  of  energy  proportional  to  the  reHistanee  and  the 

E* 
square  of  the  current  flowing.    Loss  in  watts  =  I*R  =  -^- 

XV 

3.  There  is  a  heating  of  the  conductors,  due  to  the  energy  lost,  and 
the  amount  of  heating  allowable  depends  on  the  material  surrounding  the 
conductors.  The  drop  in  voltage  or  the  heating  limit  is  usually  more  im- 
portant in  the  design  of  a  transmission  system  than  the  loss  of  energy. 

Capacity  of  Conductors  for  Carrying  Current.  Th«  tern- 
perature  of  a  conductor  will  rise  until  heat  is  lost  at  a  rate  equal 
to  the  rate  it  is  generated  so  that  a  conductor  is  only  capable  of 
carrying  a  certain  current  with  a  given  allowable  temperature  rise. 
The  limit  of  this  rise  in  temperature  is  determined  by  fire  risk,  or 
injury  to  insulation.  A  general  rule  is  that  the  current  density 
should  not  exceed  1,000  amperes  per  square  inch  of  cross-section 
for  copper  conductors.  This  value  is  too  low  for  small  wire  and 
too  high  for  heavy  conductors,  and  it  is  governed  by  the  way  in 
which  the  conductors  are  installed.  This  value  serves  for  bus-bars 
where  the  thickness  of  the  copper  used  is  limited  to  J-inch. 
Curves  shown  in  Fig.  1  are  applicable  to  switchboard  wiring,  and 
Table  VII  of  "Electric  Wiring"  gives  safe  carrying  capacity  of 
conductors  for  inside  wiring.  Perrine  gives  the  following  table 
showing  the  class  of  conductors  to  be  used  under  various  conditions: 


Reference 

No.  Remarks. 

1.  Not  allowed. 

2.  Clear  spaces. 
8.  Through  trees. 

4.  On  glass  insulators. 

5.  On  porcelain  knobs. 

6.  In  porcelain  cleats.  13.    Above  360  volts. 

7.  In  wood  cleats. 


TABLE  III 

• 

[or  Various  Conditions. 

PART  I. 

Reference 

No.                                          Remarks. 

8.  In  insulating  tubes. 

9.  In  wood  moldings. 

10.  Without  further  precaution 

11.  If  necessary. 

12.  Below  360  volts. 
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insulation,  in  tlie  form  of  a  coverintr,  is  required  for  elto- 
trical  conductors  in  all  cases  with  tlie exception  of  switehlK)ard  biis- 
l)ars  and  connections  and  wires  used  on  pole  lines,  and  even  these 
are  often  insulated.  It  may  serve  merely  to  keep  the  wires  from 
makint^'  contact,  as  is  the  case  with  cotton  or  silk-covered  Avire. 
Again,  the  wire  may  ]>e  covered  with   a  material   having    a  high 
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specilic  resistance  hut  I)eing  wi«k  meclmnicaily,  and  this  eoiiibiiiMl 
with  a  material  serving  to  give  the  Decessary  Btreiigtii  to  the  insu- 
lation. For  this  purpose  yarns  are  used  as  the  iiieclianical  sup- 
port, and  waxes  and  asphaltum  serve   for  the   insulation   proper. 


Fig-  1. 

Annunciator  wire  is  covered  with  heavy  cotton  yarn  saturated  with 
paraffine.  The  so-called  Underwriter's  wire  is  insulated  with  cot- 
ton braid  saturated  with  white  paint.  Asphaltum  or  mineral  wax 
is  used  for  iusulating  Weatherproof  wire.  It  may  be  applied  in 
several  ways,  the  best  insulation  being  made  by  covering  the  con- 
dactor  with  a  single  braiding  laid  over  asphaltum  and  then  [lassing 
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the  covered  wire  through  the  liquid  iDSulation,  at  the  same  tim« 
applying  two  cotton  braids,  and  finiBhing  by  an  external  applicatioc 
of  asphaltuni  and  [>olishing.  The  most  complete  insulation  is  mad^ 
up  of  a  material  which  gives  the  most  perfect  insulation  and  whicK 
is  strong  enough,  mechanically,  to  withstand  pressure  and  abrasion 
without  additional  support. 


•■;•[:. -i::::!!:"  ;,;-;|;. :■  hiiii;;::!' i.-i;;..!  - -y :-':■¥ f'i"- 

:— 

1-i--17^^ 
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Qutta  Percha  and  India  Rubber,     Gntta  percha  is  used  for 

aubniiirino  cables,  but  rnbljer  is  the  insulating  material  moat  used 
for  oletrtrical  conductors.  Outta  percha  cannot  be  used  when  ex- 
posed  to  air,  as  it  deteriorates    rapidly  under   such    conditions. 
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Rnbber,  when  used,  is  vulcanized,  and  great  care  is  necessary  in 
the  process.  This  vulcanized  rubber  is  usually  covered  with  braid 
having  a  polished  asphaltum  surface.  The  insulation  of  high-tension 
cables  will  be  considered  in  the  topic, "  Underground  Construction." 

DISTRIBUTION  SYSTEMS. 

Distribution  systems  may  be  divided  into  series  systems,  par- 
allel systems,  or  combinations,  such  as  series-parallel  or  parallel- 
series  systems.  Various  translating  devices  may  be  connected  in 
circuit,  changing  from  one  system  to  the  other,  and  the  parallel 
system  may  be  divided  into  single  and  multiple'Cvrcuit  systems 
commonly  known  as  two-Yf'we  and  three-^  or  five-wire  systems. 

Series  Systems  are  applied  to  series  arc  lighting,  series  incan- 
descent lighting,  and  for  constant-current  motors  driving  machin- 
ery, or  generators,  feeding  secondary  circuits.  They  serve  for  both 
alternating  and  direct  currents.  Fig.  2  shows  the  arrangement  of 
units  in  this  system.  The  current, 
generated  by  the  dynamo  D,  passes 
from  the  positive  brush  A  (in  direct- 
current  systems)  through  the  units 
L  in  series  to  the  negative  brush  B.  p^    2 

For  lighting  purposes,  this  current 

has  a  constant  value  and  special  machines  are  used  for  its  gener- 
ation. The  voltage  at  the  generator  depends  on  the  voltage  required 
by  the  units  and  the  number  of  units  connected  in  service.  As  an 
example,  the  voltage  allowed  for  a  direct-current  open -arc  lamp 
and  its  connections  may  be  taken  as  50  volts.  If  40  lamps  are 
burning,  the  potential  generated  will  be  50  X  40  =  2,000  volts. 
The  number  of  units  is  sometimes  great  enough  to  raise  this  poten- 
tial to  6,000  volts;  but  by  a  special  arrangement  of  the  Brush  arc 
machine,  known  as  the  multiple-circuit  arc  machine,  the  {)Otential 
is  so  distributed  that  its  maximum  value  in  the  line  is  but  2,000 
volts,  provided  the  lamps  are  equally  distributed,  while  the  total 
electromotive  force  generated  is  6,000  volts,  when  the  machine  is 
fully  loaded. 

The  machine  is  supplied  with  three  commutators  and  the 
lamps  connected  as  shown  in  Fig.  3,  which  also  shows  the  distri- 
bution of  potential. 
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All  calcnlatioDS  for  series  eysteiiis  &re  fiuipii-.     TL<r 

E 
voltage  is  obtained  ftom  Ofaiii*B  law.  I  =  p.    A  wire  smaller  tl 

Ho.  S  fibonid  never  be  used  for  lioe  consiraction.  as  i:  wonldii 
be  strong  enough  uiechanicaUy.  ereo  ihongb  ibr  drop  in  toIoj 
with  its  Dse  ehontd  be  veil  within  the  Hniil. 

The  cnrrent  taken  by  arc  lamps  seldom  exceeds  IM  aiuperai 
For  series  incandescent  lighting,  the  cunvni  may  l<t-  lowt-r  tliai 


^ 


ra 


^ 


!n]a 


Fig.  3. 

this,  having  a  value  from  2  to  4  amperes.  Special  devices  are  nsed 
to  prevent  the  breaking  of  a  single  tilament  from  putting  out  all  of  ! 
the  lights  in  tlie  system  and  automatic  wliort -circuiting  devices  arv 
UBiil  with  Beries  arc  lairips  for  accomplishing  the  same  piir[X)S4-. 
Ah  Hn  example  of  the  calculation  of  series  circuits,  rtijuirvl 
the  drop  in  voltage  and  loss  of  ener<£y 
in  a  line  four  miles  long  and  composed 
of  No.  8  wire,  when  the  current  flowiii;; 
in  the  line  is  it.lJ  amperes.  From  Table 
1  we  havea  resistance  of  .0007007  ohm 
per  foot  for  No.  H  wire  at  50"  C.  This 
gives  a  resistance  of  3.7  ohms  per  mile, 
or  a  resistance  of  14.8  ohms  for  the  cir- 
cuit. The  dropin  voltage  from  t)hm'3 
law  equals  current  times  resistance  or 
equals  11.0  X  14.8  =  143  volts.  Tlie 
loss  in  energy  equals  the  square  of  the  current  tiiues  the  resistance, 
eiiuftls  ii.Cy'  X  14.8  =  1,3(J4  watts.  If  the  circuit  contains  80  lamps, 
each  taking  50  volts,  the  total  voltage  of  the  system  is  4,142  volts, 

iiiiil  the  percentage  drop  in  pressure  is  rrj^  =  3.43'/t- 
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Parallel  Systems  of  Distribution.  In  the  parallel  or  ^^inul- 
tiple-arc"  system  of  distribution,  the  lamps  or  motors  are  supplied 
with  a  constant  j)otential,  and^tlie  current  supplied  by  the  generators 
is  the  sum  of  the  currents  taken  by  each  translating  device.  There 
are  several  methods  of  distribution  applicable  to  this  system,  each 
one  having  some  characteristic  which  makes  its  use  desirable  for 
certain  installations.  The  usual  arrangement  is  to  run  conductors 
known  as  ''feeders"  out  from  the  station,  and  connected  to  these 
feeders  are  other  conductors  known  as  mains,  to  which,  in  turn, 
the  receivers  or  translating  devices  are  connected.  Fig.. 4  is  a 
diagram  of  such  a  "feeder  and  main"  system. 

The  feeders  may  be  connected  at  the  same  ends  of  the  mains, 
known  as  parallel  feeding;  or  they  may  be  connected  at  the  opposite 
ends  of  the  main,  giving  us  the  anti-parallel  system  of  feeding. 
The  mains  may  be  of  uniform  cross-section  throughout,  or  they 
may  change  in  size  so  as  to  keep  the  current  density  approximately 
constant.  The  above  conditions  give  rise  to  four  possible  combi- 
nations, namely : 

I.  Cylindrical  conductors,  parallel  feeding.    Fig.  5. 

1 1.  Tapering  conductors,  parallel  feeding.    Fig.  6. 

III.  Cylindrical  conductors,  anti-parallel  feeding.    Fig.  7. 

IV.  Tapering  conductors,  anti-parallel  feeding.    Fig.  8. 

The  regulation  of  the  voltage  of  a  system  is  of  particular  im- 
portance when  incandescent  lamps  are  supplied;  and  the  calcula- 
tion of  the  drop  in  voltage  to  lamps  connected  to  mains  supplied 
with  a  constant  potential  should  be  considered.  Without  going  into 
detail  as  to  the  methods  of  derivation,  we  have  the  following  for- 
muhe  which  apply  to  the  alx)ve  combinations  when  the  receivers  are 
uniformly  distributed  and  each  taking  the  same  amount  of  current. 

Cylindrical  conductors,  parallel  feeding, 

lilr 
D=I^(2L-.r)  I 

Tapering  conductors,  parallel  feeding, 

D  =  2  RLr.  II 

Cylindrical  conductors,  anti-parallel  feeding, 

Rlr 
I)=:^(L-a?)  Ill 

Tapering  conductors,  anti-parallel  feeding, 

U  =  O.  '  IV 
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where  D  =  difference  between  potentials  applied  to  different  lamps. 
R  =  resistance  of  conductors  per  unit  length  at  feeding 
point  This  will  be  a  constant  quantity  for  cylindrical  conductors, 
but  will  change  for  tapering  conductors,  having  its  minimum  value 
at  the  feeding  point,  and  its  maximum  value  at  the  end  of  the  main. 
I  =  current  in  main  at  feeding  point,  or  point  at  which  the 
feeders  are  connected  to  the  mains.  In  Figs.  5,  6,  7,  and  8  the 
mains  only  are  shown  in  detail. 

X  =  distance  from  feeding  point  to  the  particular  lamps  at 
which  the  voltage  is  being  considered. 
L  =  length  of  main. 
For  Cases  I  and  II  the  maximum  difference  of  pott^ntial  is 

found  where  x  =  h,  that  is, 
>^  1111 T r""!      ^^  ^'^^  lamps  located  at  the 

Q V  V  Y  Y  Y  V  9    ^'"^  ""^  ^^^  ^"*^"^- 

For  Case  III  the  maxi- 
mum difference  of  potential 

0  ^  ^  ^  ^  ^  ^"^      '^  f^""^  ^'^^'•^  ^  =i^  or 

Fig.  6.  at  the  lamp  located  at  the 

middle  point  of   the   mains. 


Fig.  5. 


()  (^  ()()(})(})  (^  For  Case  1 V  the  potential 

1      on  all  of  the  lamps  is  the 

Fig.  7.  same,  hut  the  difference  l)e- 

1      I      I      I      I      I      I         tween  the  voltage    on    the 

T     T    T    T    T   V  Y        feeders  and  the   voltage    on 

*      the  lamj)s  is  equal  to  HI  L. 
''^'    •  For  unequal  distribution  of 

receivers  and  special  feeiling 
points  the  drop  in  voltage  can  be  calculated  by  the  aid  of  Ohm's 
law,  but  this  calculation  becomes  quite  complicated  for  extensive 
systems.  It  usually  is  sufficient  to  keep  the  max^imuni  drop  within 
the  desired  limits  when  designing  electrical  conductors  for  lighting, 
being  careful  not  to  exceed  the  safe  carrying  capacity  of  the  wires. 
The  drop  in  voltage  on  the  feeders  may  be  calculated  directly 
from  Ohm's  law  when  direct  current  is  used,  knowincr  the  cur- 
rent  flowing  and  the  dimensions  of  the  conductors  used. 
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Additional  formulae  are  given  in  *'  Electric  Wiring,"  which 
will  aid  in  determining  the  size  of  wire  to  be  used  for  a  given 
installation. 

As  examples  of  calculation  we  have  the  following: 
System  consists  of  20  lamps,  each  taking  .5  amperes.    L  =  80 
feet.    R  =  .01  ohm  per  foot  at  feeding  point.    Find  the  maximum 
difference  of  potent ial*on  the  lamps  in  each  of  the  first  three  cases. 

I  =  20  X  .5  =  10  amperes. 
Case  I.         D  =  -01  X  ^j^  X  ^0  ^   ^^^^  _  ^^^  ^  ^  ^^j^^^ 

Case.  II.       U  =  2  X  .01  X  10  X  80  =  16  volts. 

80 
.01  X  10  X  -o-       .  o^. 

Case  III.     D  =  ^^ X  (80  -  -j-)=  2  volts. 

In  Case  IV  the  difference  in  potential  applied  to  the  lamps  and 
the  potential  of  the  feeders  would  be  .01  X  10  X  80  =  8  volts. 

Again,  with  the  maximum  allowable  drop  given,  the  resist- 
ance of  the  wires  at  the  feeding  point  may  be  determined.  For 
tapering  conductors,  the  current  density  is  kept  approximately  con- 
stant by  using  wire  of  a  smaller  diameter  as  the  current  decreases. 
Thus  supposing,  as  in  the  case  considered,  that  the  resistance  at 
the  feeding  point  was  .01  ohm  per  foot.  At  a  distance  of  40  feet 
from  the  feeding  point  the  current  would  be  only  %  of  10  or  5 
amperes  and  the  size  of  the  wire  would  be  one-half  as  gri*at,  giving 
it  a  resistance  at  this  point  of  .02  ohm  per  foot. 

Feeding  Point«  In  order  to  determine  the  point  at  which  a 
system  of  mains  should  preferably  be  fed,  that  is,  the  point  where 
the  feeders  are  attached  to  the  mains,  it  is  necessary  to  find  the 
electrical  center  of  gravity  of  the  system.  The  method  employed 
is  similar  to  that  used  in  determining  the  best  location  of  a  power 
plant  as  regards  amount  of  copper  required,  and  consists  of  sepa- 
rately obtaining  the  center  of  gravity  of  straight  sections  and  then 
determining  the  total  resultant  and  point  of  application  of  these 
resultants  of  the  straight  sections  to  locate  the  best  point  for  feed- 
ing.    Actual  conditions  are  often  such  that  the  system  cannot  be 
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ftnl  at  a  j)()int  so  detenninecl,  but  it  is  well  to  rnn  the  feeders  as 
close  to  til  is  point  as  is  practical,  as  less  copper  is  then  re<juiivil 
for  a  jriven  droj)  in  p)tential. 

Consider,  as  an  example,  a  system  such  as  is  shown  in  Fig.  U. 
The  numlK»r  of  lamps  and  location  of  the  same  are  shown  in  this 
iitrure.  The  loads,  A  B  C  D,  may  be  considered  as  concentrateil 
at  A',  a  point  33.8  feet  from  I  and  equal  to  A  +  B  +  C  -f  U. 
This  point  is  obtained  as  follows: 

Ax  =  By.  10  ./•  =  20  //.  x  +  y  =  400. 
A  +  B  =  30.  '  '  "'  =  ^^^  ^^^*^^- 

CV  =  Dy'.      15,r'  =  20.y'.      ;i^  +  ij  =  500.      ./  =  285.7  fei4. 

b  +  D  =  35. 
(A  +  B)«."=:(C  +  D)y".     .'."  + y  =  632.4.      „ 
6\)x   z=.  6oy  . 

A  +  B  +  C  +  D  =  65 
A'  is  6.2  feet  from  C  or  33.8  feet  from  I. 

E  and  F  may  be  combined  to  form  a  group  of  30  lamps  and 
the  resultant  of  E,  F,  G,  and  II  is  70  lamps  located  at  B',  a  j)oint 
310  feet  from  J,  this  point  being  located  in  the  same  manner  as 
A'.  Similarly  we  find  the  resultant  of  the  loads  at  A'  and  li'  to 
be  135  lamps  located  at  C,  a  point  331.8  feet  from  I,  and  the 
proper  feeding  point  for  the  system. 

A'  =  65  lights,    33.8  feet  from  I. 
B'  =  70  lights,  310  feet  from  J. 
Distance  IJ  =  360  feet. 

Distance  from  A'  to  B'  --  360    f-  310    f  33.<S  --  703.^  feet. 
65.-P  :=  70y. 
•  X  +  y  =  703.8  feet. 
X  =  364.0  feet. 
364.0  -  33.8  =  331.8  feet. 

The  above  is  a  simple  definite  case.  Should  the  load  l>e 
variable,  the  projxu'  feeding  point  will  change  with  the  load,  and, 
in  extensive  systems,  the  location  of  this  point  can  be  obtained 
approximately  only.  The  sairie  method  of  calculation  is  employed 
in  locating  the  points  from  which  sub-feeders  are  run  out  from 
the  terminals  of  the  main  feeders  as  is  the  case  in   large  systems; 


*r«rv 


1\)\VER  TRAXSMISSTON 


17 


the  voltage  being  maintained  constant  at  the  |>oint  when*  the  sub- 
feeders  are  connected  to  the  feeders. 

Good  practice  shows  the  drop  in  [)otential  to  l>e  within  the 
following  limits: 

From  feeding  points*  ■  iK>inus  where  8ub-feeders 

or  mains  are  attache<i  i  to  lamps 5     per  i'ent. 

Loss  in  sub-feeders o  *' 

Loss  in  mains 1.5 

lioss  in  8er\'ice  wires Co 

Tlie  actual  variation  in  voltage  should  not  excised  ll^/f . 
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Fig.  9. 

In  Series-Multiple  and  Multiple-Series  Systems,  grou])R  of 
units,  connected  in  multiple,  are  arranged  in  series  in  the  circuit,  or 
groups  of  units  are  connected  in  series  and  those,  in  turn,  con- 
nected  in  multiple,  respectively.  The  a])plication  of  such  systems 
is  limited.  They  are  used  to  some  extent  in  street-lighting  when 
incandescent  lamps  are  used. 
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MULTIPLE-WIRE  SYSTEMS. 

The  Three- Wire  System.  We  have  seen  that  in  any  system 
of  conductors  the  power  lost  is  equal  to  I'R.  For  a  given  amount 
of  power  transmitted  (IE)  the  current  varies  inversely  with  the 
voltage  and  consequently  the  amount  of  power  lost,  which  is 
directly  proportional  to  the  square  of  the  current,  is  inversely  pro- 
portional to  the  square  of  the  voltage.  Hence,  for  the  same  loss 
of  power  and  the  same  percentage  drop  in  voltage,  doubling  the 
voltage  of  the  system  would  allow  the  resistance  of  the  conductors 
to  be  made  four  times  as  great,  and  wire  of  one-fourth  the  cross- 
section  or  one-fourth  the 
amount  of  copper  would  be 
required.  The  voltage  for 
which  incandescent  lamps, 
Fig.  10.  having  a  reasonable  efficiency, 

can  be  economically  manu- 
factured is  limited  to  220,  while  the  majority  of  them  are  made 
for  110.  In  order  to  increase  the  voltage  on  the  system,  a  special 
connection  of  such  lamps  is  necessary.  The  three-wire  and  live- 
wire  systems  are  adopted  for  the  purpose  of  increasing  this  voltage. 
Fig.  10  shows  a  diagram  of  a  three-wire  system.  Consider  the 
conductor  B  removed,  and  we  have  a  series- multiple  system  with 
two  lamps  in  series.  This  arrangement  does  not  give  independent 
control  of  individual  lamps,  and  the  third  wire  is  introduced  to 
take  care  of  any  unbalancing 
of  the  number  of  lamps  or 
units  connected  on  either  side 
of  the  system,  and  to  allow 
more  freedom  in  the  location  ^^ 

of  the  lights.      The  current  Fig.  11. 

flowinrr  in    the   conductor   B, 

known  as  the  neutral  conductor,  dej)ends  on  the  difference  of  the 
currents  required  by  the  units  on  the  two  sides  of  the  system. 
Fig.  11  shows  a  system  in  which  the  loads  on  the  two  sides  are 
unequal,  an  unbalanced  system,  with  the  value  of  the  current  in 
the  neutral  wire  at  different  points.  Each  unit  is  here  assumed 
to  take  one  ampere. 
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As  stated  aliuve,  were  no  neutral  wire  re<[uiretl,  the  amount 
of  copper  ntK?i*ssary  for  a  system  with  the  lamju?  connected,  two  in 
series,  for  the  same  jiercentat^e  drop  in  voltage  would  be  one- fourth 
the  amount  necessary  for  tlie  ]tarallel  connection.  This  may  be 
shown  as  follows:  Thf  current  in  the  wire  in  the  first  case  is  one- 
half  as  great,  so  that  the  voltage  drop  would  be  divided  by  two  for 
the  same  size    wire. 

The  voltage  on  the  sys-  O  V      6  Vt— i 

tern  is  twice  as  great, 
so  that,  with  the  same 
jHfrcentage  regulation, 
the  actual  voltage  drop 
would  be  doubled. 
Consequently  wire  of 
one-fourth  the  cross- 
section  and  weight  may 
be  used.  If  the  neutral 
wire  is  made  one-half 
the  size  of  the  outside 
conductor,  as  is  usually 
the  case  in  feeders,  the 
amount  of  copper  re- 
quired is  -j^  of  that 
necessary  for  the  two- 
wire  system.  For 
mains  it  is  customary 
to  make  all  three  con- 
ductors the  same  size, 
increasing  the  amount 


a 


Fig.  12. 


of  copper  to  §  of  that  required  for  a  two-wire  system.  For  a  five- 
wire  system  with  all  conductors  the  same  size,  the  weight  of  cop|K»r 
necessary  is  .156  times  that  for  a  two- wire  system. 

Multiple-wire  systems  have  no  advantage  othor  than  saving 
of  copper,  except  when  used  for  multiple- voltage  systems,  while 
among  their  disadvantages  may  be  mentioned: 

Complication  of  generating  api)aratu8. 

Complicatiou  of  Instruments  and  wiring. 

Liability  to  variation  in  voltage,  due  to  unbalancing  of  load. 
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Fig.  12  sbows  some  of  the  methods  employed  in  generating 
current  for  a  three- wire  system. 

A.  Two  dynamos  connected  in  Beries,  the  usual  method 

B.  A  double  dynamo. 

C.  Bridge  arrangement,  using  a  resistance  K  with  the  neutral  con- 
nection arranged  so  as  to  change  the  value  of  resistance  in  either  side  of 
the  system.    Has  the  disadvantage  of  continuous  loss  of  energy  in  R. 

D.  Storage  battery  connected  across  the  line  with  neutral  connected 
at  middle  point. 

E.  Special  dynamo  supplied  with  three  brushes. 

F.  Special  machine  having  collector  rings,  across  which  is  con- 
nected an  impedance  coil,  the  neutral  wire  being  connectetl  to  the  middle 
point  of  this  coil. 

U.  Compensators  or  motor-generator  set  useii  in  connection  with 
generator.    The  motor-generator  set  is  known  as  a  balancer  set. 

Compensators  are  usually  wound  for  about  10%  of  the  capac- 
ity of  the  machine  with  which  they  are  used.  In  the  motor-gen- 
erator set,  one  side  becomes  a  motor  or  generator  depending  on 
whether  the  load  on  that  side  is  less  or  greater  than  the  load  on 
the  opposite  side. 

Voltage  Regulation  of  Parallel  Systems.  It  is  customary  to 
keep  the  voltage  on  tlie  mains  constant,  or  as  nearly  so  as  possible, 
at  the  point  wliere  the  feeders  are  attached.  AVhere  but  one  set 
of  feeders  is  run  out  from  the  station,  this  may  l)e  readily  acconi- 
plished  by  the  use  of  over-compounded  dynamos,  adjusted  to  give 
an  increase  of  voltage  equal  to  the  drop  in  the  feeders  at  different 
loads.  Again,  the  field  of  a  shunt- wound  generator  may  be  con- 
trolled by  hand,  the  pressure  at  the  feeding  points  being  indicated 
by  a  voltnu^ter  connected  to  pilot  wires  running  from  the  feedintx 
point  back  to  the  station. 

When  the  system  is  more  extensive,  separate  regulation  of 
different  feeders  is  necessary.  A  variable  resistance  may  be  placed 
in  series  with  separate  feeders,  but  this  is  undesirable  on  account 
of  a  constant  loss  of  energy.  Feeders  may  be  connected  in  aloncr 
a  system  of  mains  and  one  or  more  of  these  switched  in  or  out  of 
service  as  the  load  changes.  Eus-bars  giving  different  voltages 
may  be  aranged  so  that  the  feeders  can  be  changed  to  a  higher 
voltage  bar  as  the  load  increases.  Boosters — series  dynamos — may 
be  connected  in  series  with  separate  feeders  and  these  may  be  ar- 
ranged to  regulate  the  voltage  automatically.     The  use  of  boosters  is 
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not  to  \h*  recoil) men<le<l  except  for  a  few  very  loni;  feetlers,  aiul  tlien 
the  total  cajiaeity  of  iKMJSters  should  equal  hut  a  small  jK^nvntam* 
of  the  station  output  if  the  etiiciencv  of  the  system  as  a  \yhole  is 
to  remain  hijjh.  Fijr.  18  is  a  iliacrram  of  a  system  usinir  diffen»nt 
meth(xls  of  voltage  regulation. 

Alternating-Current  Systems  of  Distribution  nuiy  Iv  elassi- 
lied  in  a  manner  similar  to  direct-current  systems,  that  is,  as  series 
and  parallel  systems;  hut  in  addition  to  these  we  have  a  dassitica- 
tion  depending  on  the  numl^T  of  phases  used,  such  as  s!nf/le-j>/i<h^(\ 
quarter-  or  tiro^jfhaxt^  and  thret-phtist  i<i/.sftf/us. 

The  Series  System  may  consist  of  a  simple  series  circuit  feil 
by  a  constant-current  generator,  or  it  may  be  fed  by  a  constant- 
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Fig.  13. 

current  transformer,  the  primary  of  which  is  supplieil  with  a  con- 
stant potential,  the  secondary  furnishing  a  constant  current.  For 
a  description  of  such  a  transformer,  see  "Electric  Lighting'*. 
Again,  the  current  may  be  maintained  constant  by  means  of  a  con- 
stant-current regulator,  such  as  is  described  in  **Elt»i»tric  Light- 
ing". Constant-current  alternators  are  seldom  ustnl,  the  two  latter 
forms  of  regulation  being  applied  to  most  series  installations.  The 
])rincipal  apjJiciition  of  series  alternating-current  systems  is  to 
street-lighting.  Parallel -series  alternating-current  systems  art^ 
s^ometimes  used  for  street-lighting  with  incandescent  lamps. 

Parallel  Systems,  using  alternating  current  are  also  analo- 
gous to  j)arallel  systems  using  direct  current,  though  the  n^ceivers, 
esjK'cially  if  lamj)S,  are  seldom  connected  directly  to  the  K'adscom- 
incr  from  the  station,  but  are  fe<.l  from  the  secondaries  of  constant 
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potential  transformers,  which  are  connected  to  the  lines  in  parallel, 
and  step  down  the  voltage.     The  readiness  with  which  the  voltage 
of  such  systems  may  be  changed  by  means  of  suitable  transformers 
is  the  chief  advantage  of  the  single-phase  systems.     The  voltage 
may  be  generated  at,  or  transformed  up  to,  a  high  value  at  the 
station,  transmitted  over  a  considerable  distance  over  small  con- 
ductors  with  a  small  loss  of  energy,  and  then  transformed  to  the 
desired  value  for  the  connected  units.    Transformers  may  be  readily 
constructed  to  furnish  voltage  for  a  three- wire  secondary  distribu- 
tion.    Fig.  14  is  a  diagram  of  a  single-phase  system  supplying 
power  to  both  two- wire  and  three- wire  systems.     Two  separate 
transformers  are  used  for  obtaining  the  three- wire  system,  in  one 
case,  and  a  transformer,  supplied  with  a  tap  connected  to  the  mid- 
dle point  of  the  secondary,  is  used  in  the  other  case. 

The  regulation  of  voltage  for  alternating-current  systems  may 
be  accomplished,  as  in  direct -current  installations,  by  means  of 
compounding  ("composite-wound  alternators"),  hand  regulation, 
or  resistance  or  reactance  connected  in  series  with  the  feeders.  In 
addition,  the  feeders  may  be  controlled  by  means  of  special  regu- 
lators such  as  the  Stillwell  Ketrulator,  or  the  '' C  It"  Reorulator. 
which  consist  of  traiisforniers  witli  the  primary  coil  connec'ttnl 
across  the  line  and  the  secondary  in  series  with  the  line,  and  so 
arranged  that  the  nuniher  of  turns  in  one  or  both  windings  may 
he  varied:  otlier  forms  of  r('o;iihitors  are  the  macrnetic  recfulator 
and  the  indnction  reji-nlator. 

Polyphase  Systems,  rolyphaso  systems  of  distribntion  are 
used  where  motors  are  to  he  run  from  the  circuits;  also  for  loncf- 
distance  transmission  h'nes  partly  on  account  of  the  saving  in  cop- 
per. Polyphase  generators  may  be  constructed  more  cheaply,  for 
a  given  output,  than  single -phase  machines  because  of  a  better 
utilization  of  the  winding  space  on  the  armature;  while  single- 
{)hase  motors,  except  in  small  sizes,  or  series  motors  as  applied  to 
railway  work,  are  not  entirely  satisfactory.  Two-phase  and  three- 
phase  systems  are  the  only  ones  that  are  in  common  use  for  power 
transmission,  three  phases  being  used  for  long-distance  transmis- 
sion lines.  Six  phases  are  used  for  rotary  converters  only,  the 
caj)acity  of  the  machines  lu'iug  greatly  increased  when  connected 
six-phase. 
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The  amoQDt  of  copfier  r^jniKd  for  the  ililTeivnt  sv^tcni^. 
assnming  the  weight  of  cupfh^r  f<»-  a  single  phase  two- wire  srstem 
to  be  100^.  is  u  follows: 

SlDgle-pbue  two-wire  8}>leiu$ IW  percent 

"  "      three-wire      "       i  Neutral  wire^Miue 

alzessoutaide  wirW' ST.o    •• 

Two-pbue  four-wirw  n-ctem IHO 

"       ■'      thnw-wire    ■■      72.9     ■■ 

Tbree-pbue  tbree-wire  «v-stem T.> 

■'      four-wire        "       SU     ■' 

This  aBsnmes  the  voltage  oq  the  teceiters  to  be  the  same  in 
every  case,  the  Diasituuin  volt^e  having  dilfereiit  valoes,  depead- 
ing  on  the  sjstem  nsed.  The  thrve- 
l^se  three-wire  system  is  preferaMe 
to  the  two-phase  throe-wire 
for  most  purposes.     In   the    thre 


phase  four-wire  systuni  tho  niaximiini  voltai;t)  is  1  H  tinn'S  the 
voltage  on  the  receivers.  Were  the  saineniaxitniini  voltage  allow- 
able as  in  the  tbree-phaf^j  three-wire  system,  the  ainuiint  of  cupiMT 
for  the  three-phase  four-wire  system  would  be  J  that  reqiiiriHi  fur 
the  three-phase  three-wire  system.  Fig.  13  shows,  diagniniiiiutu'- 
ally,  the  connections  of  the  different  systems. 

As  an  example  of  the  way  in  wliidi  the  relative  aniomits  of 
copper  are  calculated,  take  the  tliree-phase  thret^-wire  system. 
Assume  the  amount  of  power  transmitted  to  be  P  and  the  iH'reent- 
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age  loss  of  energy  to  1x5  jk  Let  E  =  the  voltage  on  the  receiver, 
I  =^  the  current  flowing  in  a  single  conductor,  single -phase  system, 
and  r  --  current  in  a  single  conductor,  three-phase  system.  We 
have  for  the  single- phase  two- wire  system, 

P  -=  IE, 

for  the  three-phase  three- wire  system, 

V  =  1   3  IE 

IE  =  r  SI'E 
I 

r  = 


13 


The  loss  in  energy  in  the  two-wnre  system  =  j/  V  =  2  I'U, 
when  It  =  resistance  of  one  conductor.    The  loss  in  energy  in  the 

three-phase  system  =  j)  F  =  3  I'^R'. 
Substituting  — ^  for  I',  we  have 

Q  T2T?' 

2  PR  =      '      or2R  =  R'. 
o 

The  amount  of  copper  is  inversely  proportional  to  the  resist- 
ance of  the  conductor,  so  that  if  W  — -  weic^ht  of  one  conductor  for 
single-phase  system  and  W  =  weight  of  one  conductor  for  three 
phase  system,  W  =  2  W. 

Two  conductors  are  required  in  tlie  first  case  =^  2  AV. 

Three  conductors  are  reijuired  in  the  second  case  =  3  AV. 

3  W  _  I  W. 

2  W  -  ^  2  W. 

3  W       ^  W 

2AV        2  W  ~  ^  ^" 

TRANSniSSION  LINES. 

Capacity.  Conductors  used  for  the  transmission  of  ])Ower 
form,  with  their  metallic  shields,  with  the  ground,  or  with  neigh- 
boring conductors,  condensers,  which,  when  the  lint^  is  long,  have 
an  appreciable  capacity.  The  capacity  of  circuits  is  (juite  readily 
calculated,  the  following  formula  applying  to  individual  cases. 
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TABLE  IV. 
Capacity  in  flicro-Farads  Per  Mile  of  Circuit  for  Tliree-Pliase 

System. 


Size 
B.  &  S. 

Diam. 

in 
inch. 

Distance 

A 
in  inches. 

12 

Capacity 
in  M.  F. 

.0:>26 

Size 
B.  &  S. 

;  Diam. 

i   in 
inch. 

.204 

Distance 

A 
in  Inches. 

Capacity 

C 
in  M.  F. 

0000 

.46 

4 

12 

.01874 

18 

.0204 

18 

.01726 

24 

.01922 

24 

.01636 

48 

.01474 

48 

.01452 

m) 

.41 

12 

.0218 

5 

.182 

12 

.oiaso 

18 

.01992 

18 

.01690 

24 

.01876 

24 

.01602 

48 

.oi6;« 

48 

.01426 

(M) 

..U5-> 

12 

.0124 

(i 

.162 

12 

.01788 

18 

.01946 

18 

.Ol(i54 

24 

.018:52 

24 

.0156(1 

48 

.01(J04 

4S 

.0140 

0 

12 

.02078 

7 

.144 

12 

.01746 

18 

.01898 

18 

.01618 

24 

.01642 

1 

24 

.01588 

48 

.01570 

48 

.01374 

1 

.289 

12 

.02022 

8 

.128  ' 

12 

.01708 

18 

.01952 

18 

.01586 

24 

.01748 

24 

.01508 

48 

.0154 

48 

.oi;^=so 

2 

.2o8 

12 

.01972 

9 

.114 ; 

12 

.01660 

18 

.01818 

1 

18 

.01552 

24 

.01710 

! 

24 

.01478 

48 

.01510 

; 

48 

.0132(i 

3 

.'>:'9 

12 

.01  ass 

10 

.102 

12 

.016^16 

18 

.01766 

' 

18 

.01522 

24 

.01672 

24 

.01452 

i 

48 

.01480 

48 

.01304 

c  = 


c  = 


1>0   wo    7.    1  fk-'^ 

oo^o  A  xw_    per  mile.      Tiisulated  cable  with  lea<l  sheath, 
log  ^j. 

38.83  X   10''  j^^j j^^      Shiprle  conductor  with  earth  return. 

,         ih 


c  = 


UU2  X  10" 


log 


^  ^  i—  ix^r  miU^  of  circuit.    Parallel  comluetow  f<,rmlnK 
2A  '  a  iiietallio  nirt'iiit. 


"  (I 
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C  =  Capacity  in    micro- farads.     (Divida  by   1,000,000  to  give 
capacity  in  farads.) 

k    =  specific  inductive  capacity  of  loanUting  material   =  1  for 

air  =  2.25  to  3.7  for  rubber. 
D  =  inside  diameter  of  lead  sheath. 
d   =  diameter  of  conductor. 
A    =  distance  of  foiniiaiors  above  ground. 
A  =  distance  between  wires. 

Common   It^rithniB  apply  to  these  formulra  and   C   for  a 
metallic  circuit  is  the  capacity  between  wires. 

TABLE  V. 
Inductance  Per  Mile  of  Circuit. 


Size 

Di.met^r 

Distance 

SeKlnducl- 

SJie 

Diameter 

DIsUDPe 

Self-lDduct- 

UHWC 

Henrys. 

S.A.S 

luiSth. 

c/lnlDche-i- 

B.&S 

In  Inch. 

rflDlMh>*. 

0000 

.46 

12 

.00234 

4 

.204 

12 

.00280 

18 

.ooaw 

IS 

.00800 

24 

.00270 

24 

-ooeifi 

48 

.00312 

48 

.00868 

000 

,41 

ri 

.00241 

5 

,182 

12 

.00286 

18 

.(M12ti2 

18 

.00307 

;;4 

.00277 

24 

.0032H 

48 

.00:-il8 

48 

.00356 

oil 

HIi.-. 

12 

.00248 

6 

.m 

12 

.0025)1 

18 

.(KI2Gil 

IS 

.00;ll.l 

24 

.m-^Ho 

24 

.00^20 

48 

.IHKUO 

48 

.00:W!t 

(1 

.:ii-. 

VI 
18 
L'4 
48 

.(Kl2.^ 
.(•027(1 

;(Kk';:il 

^ 

.144 

12 
18 
24 

48 

.00298 
.00.H10 
.00336 
.00377 

1 

,:ss!) 

VZ 

.(H)2lil) 

8 

.128 

12 

.00303 

IH 

,(KI2Sl 

16 

.00325 

48 

iKr-'s 

24 

48 

.00341 
.00384 

.2.>N 

1:; 

002(17 

,, 

.114 

12 

.00310 

18 

.1)0288 

18 

.00SS2 

:;4 

.(KlUH 

24 

.nui'MS 

48 

.(hW14 

48 

.00389 

^ 

.2-Ji> 

j„ 

.00274 

HI 

.102 

12 

.00318 

IS 

.(H1204 

18 

.00340 

■M 

.(Kl'ilO 

24 

.00355 

48 

.0(«.^1 

46 

.00396 

.f* 


I 


r-. 


■T 

.    •.•••■ 


- 1     ^ 

1..,. 

a  .       .La 
.  * 


V  ■  -  r  ■ 


*'      f       ■    •      .     J  \ 

■  ■] 
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If  the  capacity  be  taken  between  one  wire  and  the  neutral  point 
of  a  system,  or  the  point  of  zero  potential,  the  capacity  is  given  as: 

C  (in  micro-farads)  =  — '- — :y-r-  per  mile  of  circuit. 

3  log  '^ 

Table  IV  gives  the  capacity,  to  the  neutral  point,  of  different 
size  wire  used  for  three-phase  transmission  lines. 

The  effect  of  this  capacity  is  to  cause  a  charging  current,  90'' 
in  advance  of  the  impressed  pressure,  to  flow  in  the  circuit,  and 
the  regulation  of  the  system  is  affected  by  this  charging  current  as 
will  be  seen  later.  Capacity  may  be  reduced  by  increasing  the 
distance  between  conductors  or  in  lead-sheathed  cables,  by  using 
an  insulating  material  having  a  low  specific  inductive  capacity, 
such  as  paper. 

Inductance.  The  self-inductance  of  lines  is  very  readily  cal- 
culated. Following  is  a  formula  applical)le  to  copper  or  alumi- 
num conductors: 

L  =  .00055S r2.30:j  log  {^^^    f  .2'")"]  per  mile  of  circuit  when 
L  =  inductance  of  the  circuit  in  henrys. 

Table  V  is  based  on  the  above  formula. 

Self-inductance  is  reduced  by  decreasing  the  distance  between 
wires  and  it  disappears  entirely  in  concentric  conductors.  Sub- 
dividing the  conductors  decreases  the  drop  in  voltage  due  to  self- 
inductance  but  it  complicates  the  wiring,  ('ircuits  formed  of 
conductors  twisted  together  have  very  little  inductance.  When 
alternating-current  wires  are  run  in  iron  ])i[)es,  both  wires  of  the 
circuit  must  be  run  in  the  same  pipe,  inasmuch  as  the  self-induc- 
tance depends  on  the  number  of  magnetic  lines  of  force  passing 
between  the  conductors  or  threadincr  the  circuit,  and  this  number 
will  be  increased  when  iron  is  present  between  the  conductors. 

The  effect  of  self- inductance  in  a  circuit  is  to  cause  the  current 
to  lag  behind  the  impressed  voltage  and  it  also  increases  the  impe- 
dance of  the  circuit. 

The  effect  of  self-inductance  may  be  neutralized  by  capacity 
or  vice-versa.     The  relative  value  of  the  two  must  be  as  follows: 
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~  ,,,_,.  ,1  wlien  (land  Lare  in  farads  aiid  lienrys  respectively, 

If  is  the  frequency  of  the  system. 
Mutual -Inductance.     By  iimtual-iudiictauoe  is  meant  the  in- 
ductive effect  one  circuit  has  on  another  sep- 
•C     arate   circuit,   generally  a  parallel   circuit  in 
power  tmnsinisBion.      An  alternating  current 
ftowiug  in  one  circuit  Bets  up  an  elect romotii^t 
force  in  a  jutraltel  circuit  which  is  opposite  in 
direction   to  the  E.M.F,  impressed  on  the  liret 
,  "q    circuit,  and  is  proportional  to  the  nuinl>erof 

l,,j     j,[  the  lines  of  force  set  up  liy  the  first  circuit 

which  thread  the  second  circuit. 
Tlie  effwts  of  mutual  inductance  may  lie  reduced  by  increaa- 
t  tlie  distance  hftween   the  circuits,  tlie  diKtiince  Wtweeii  wires 
a  circuit  reinaini-iig  llie  same.     This  is  impractical  IieyoinJ  a 


FiE.  17. 

certain  cxleiit,  if  tliu  circuits  are  to  be  run  on  the  same  pole  line, 
Mil  iliiit  ;i  special  arrangement  of  the  conductors  is  necessary. 

Kig^.  in  and  17  show  such  sjiecial  arrangements.     In  Fig,  It) 
AIS    forms    tlie  wires  of  one  eircuit  and  ('!)  the  wires  of  the  otlier 
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circuit.  Lines  of  force  set  up  by  the  circuit  AB  do  not  thread  the 
circuit  CD,  provided  ABC  and  D  are  arranged  at  the  corners  of 
a  square  so  that  there  is  no  effect  on  the  circuit  CD.  In  Fig.  17 
assume  an  E.M.F.  to  be  set  up  in  the  portion  of  the  circuit  CD  in 
the  direction  of  the  arrows.  The  E.M.F.  in  the  section  DE  will 
then  be  in  the  direction  of  the  arrows  shown  and  the  effects  on  the 
circuit  AB  will  be  neutralized,  provided  the  transposition,  as  the 
crossing  of  the  conductors  is  called,  is  made  at  the  middle  of 
the  line.  Such  transpositions  are  made  at  frequent  intervals  on 
transmission  lines  to  do  away  with  the  effects  of  mutual  inductance 
which,  at  times,  might  be  considerable.  When  several  circuits 
are  run  on  the  same  pole  line,  these  transpositions  must  be  made 
in  such  a  manner  that  each  circuit  is  transposed  in  its  relation  to 
the  other  circuits.  Thus  in  Fig.  17  is  also  shown  the  transposi- 
tion of  the  circuits  of  a  line  composed  of  ten  two- wire  circuits. 

CALCULATION  OF  ALTERNATING-CURRENT  LINES. 

In  dealing  with  alternating  currents,  Ohurs  law  can  be  applied 
only  when  all  of  the  effects  of  inductance  and  capacity  have  been 
eliminated,  and,  since  this  can  seldom  be  accomplishtHl,  a  new  for- 
mula must  Ije  used  which  takes  such  capacity  and  inductance 
effects  into  account.  Not  only  the  inductance  or  capacity  of  the 
line  itself  must  1)0  considered,  but  the  nature  of  the  receiv^er  must 
be  taken  into  account  as  well,  when  the  regulation  of  the  system 
as  a  whole  is  Inking  considered.  The  following  (juantities  must  be 
known  in  the  complete  solution  of  problems  relating  to  alternating- 
current  systems. 

1.  Frecjuenfy  of  the  current  used. 

2.  Self-induction  and  capacity  of  tlie  receivers. 

3.  Self-induction  and  capacity  of  tlie  lines. 

4.  Voltage  of,  and  current  flowing  in,  the  lines. 

5.  Resistance  of  tlie  various  parts. 

Following  is  a  set  of  formulteand  an  appropriate  table  for  cal- 
culating transmission  lines  proper  when  using  direct  or  alternating 
current  and  for  frequencies  varying  from  25  to  125,  and  for  single 
and  polyphase  currents.  This  table  is  issue<l  by  the  (lenenil  Klec- 
trie  Company. 
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GENERAL  WIRING  FORMULA. 

I)  X  W  X  o 


Area  of  conductor,  Circular  Mils  = 


Current  in  main  conductors  = 


i>  X  E-* 
W  X  T 


E 

W  =  Total  watts  delivered. 

I)   =  Distance  of  transmission  (one  way)  in  feet. 

J)    =  Loss  in  line  in  per  cent  of  i^ower  delivered^  that  is,  of  W. 

E  =  Voltage  between  main  conductors  at  recervi/Hj  or  ro/t- 
sutner^s  end  of  circuit. 

For  continuous  current  C  =  2,160,  T  =  1,  B  =  1,  and 
A  =  6.04. 

v  u    1        •    T              ;>  X  E  X  B 
Volts  loss  in  hues  =— — 

^.  1)'^  X  w  X  v:  X  A 

Lbs.   copper   =    ^,  ^  ^  X  imm 

The  following  formula  will  also  l)e  found  convenient  for  cal- 
culating the  copper  recpiired  for  long-distance  three-phase  trans- 
mission circuits: 

Lbs.  (  opper  — 

M  is  the  (listMiK't*  of  tniiismission  in  miles,  K.W.  the  iK)wer 
delivered  in  kilowatts,  and  the  ]K)wer  factor  is  assumed  to  Ik* 
approximately  UO'/r. 

APPLICATION  OF  FORMUL/E. 

'"  The  value  of  C"  for  any  particular  power  factor  is  obUiimnl  hy 
dividinjr  2,160,  the  value  for  continuous  current,  by  the  sciuare  of 
tliat  power  factor  for  single-phase,  by  twice  the  scjuare  of  that 
power  factor  for  three-wire  three-phase,  or  four-wire  two-phase. 
TI)e  value  of  B  depends  on  the  size  of  wire,  frequency,  and 
power  factor.  It  is  equal  to  1  for  continuous  current,  and  for 
alternating  current  with  10()  |><.»r  cent  power  factor  and  sizes  of  wire 
given  in  the  following  table  of  wiring  constants. 

''The  figures  given  are  for  wires  18  inches  apart,  and  are  suffi- 
ciently accurate  for  all  practical  purposes  j)rovided  the  displacement 
in  phase  between  current  and  E.M.F.  at  the  receiving  end  is  not 
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System. 


Hiugle-phase 

Two-phase  (four-wire) . . . 
rhre-phase  (three-wire) . . 


»n 


rp 


Sy.stem. 


TABLE  VI. 


Values 
of  A. 


6.04 

12.08 

9.00 


Single-phase 

Two-phase  (four-wire)  . . 
Three-phase  (three-wire) 


1(X) 


2,100 
1 ,080 
1 ,080 


1.00 
.50 

.58 


Values  of  C 


Per  Cent  Power  Factor. 


05 


2,400 
1,200 
1,2(H) 


Values  of  T. 

l'«»r  Cent  Power  Factor, 

100 

95                90 

1 

85 

80 

1.05 

1.11 

1.17 

.58 

.  55 

.59 

.61 

.64 

.68 

1.25 
.62 
.72 


VALUES  OF  IJ. 


60  Cycles. 


Per  Cent  Power  Factor. 


^n 

95 

90 

1.84 
1.66 

85 

l.tM) 
1.77 

80 

2.09 
1 .  95 

0000 
000 

1.62 
1.49 

00 
0 

1.34 
1.31 

1.52 
1.40 

1.60 
1.46 

1.6(i 
1.49 

1 

2 

1.24 
1.18 

1.30 
1.23 

1.34 
1.2.5 

1.36 
1.20 

3 
4 

1.14 
1.11 

1.17 
1.12 

1.18 
1.11 

1.17 
1.10 

5 
6 

1.08 

i.a5 

1.08 
1.04 

1.06 
1.02 

l.(H 
1.00 

7 
8 

1.03 
1.02 

1.02 
1.00 

1.00 
1.00 

1.00 
1.00 

9 
10 

1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

125  Cycles. 


IVr  Cent  Povvt-r  Factor. 


95 

90 

2.  SO 

2.48 

85 

3.24 
2.77 

80 

2..'r> 

2. OS 

3.49 
2.94 

1.80 
1.71 

2.18 
l.iHJ 

2.40 
2.13 

2.57 
2.25 

1.50 
1 .  45 

1 .  75 
1.00 

1.88 
1.70 

1.97 
1.77 

1.35 
1.27 

1.46 
l..T> 

1.53 
1.40 

1.57 
1.43 

1.21 
1.16 

1.27 
1.20 

1.30 
1.21 

1.31 
1.21 

1.12 
1.09 

1.14 
1.10 

1.14 
1.09 

1.13 
1.07 

1.06 
1.04 

1.06 
1.03 

1.04 
1.00 

1.02 
1.00 
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vtTv  v.ir.vli  i:rf:i:t  r  \]\:%::  :':;:<:  :t:  tl.r  iTfiH-niror;  in  ulber  \vo^^^.  iiro- 
viiii^i  tliat  tile  rt*;u:a:Av  of  :i:r  line  i^  iK>t  t-xcessive  or  llie  line 
K>ss  r»nii>;;a!lv  iiit:'!.  b\»r  t*\a!!.|'lt*.  the  eon.-lants  should  not  l»e 
ap|.:ieil  at  TJ-"^  evo!r>  if  :i.e  litriTtst  <.^»!.dIK•to^^  are  iis^ni  and  tht- 
loss  Oo  or  !i:ore  i>l  the  jnnvrr  deiivt-roi.  At  lower  fre<]aenoies. 
lh»\vever.  tile  eor.stants  are  reasoiial-iv  eorreet  eveu  under  sueh 
extreme  e«»iid:tio::s.  Tliev  rej-resent  aV>i;t  the  true  values  at  1<>^ 
line  h>-s.  are  elox-  enoUi^h  at  all  '.o>se-  less  than  h^^.  -  and  often, 
at  least  for  frequencies  up  to  4'>  vveles,  olos<*  enoutrh  for  eveii 
inueh  lartjfer  losses.  A\  here  the  eoiiduetors  of  a  eirenil  are  nean-r 
each  oilier  than  1^  inclies.  the  vults  loss  will  lie  less  than  trlveu  l»v 
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the  formulae,  mud  if  close  together,  as  with  iimltiple-condnctor 
cable,  the  loss  will  be  odIt  that  dne  to  resistance. 

"  The  value  of  T  depends  on  the  system  and  power  factor.  It 
is  equal  to  1  for  continuous  current  and  for  single-phase  current 
of  KW  per  cent  power  factor.  The  value  of  A  and  the  weights  of 
the  wires  in  the  table  are  based  on  .00000302  pound  as  the  weight 
of  a  foot  of  copper  wire  of  one  circular  mil  area. 

*''  In  using  the  above  fonnuheand  constants,  it  should  be  particularly 
ob0er\'ed  that />  stands  for  the  percent  loss  in  the  lineof  the  delivered  iH}trery 
not  foi  the  per  cent  loss  in  the  line  of  the  power  at  the  generator;  and  that 
Eis  the  potential  at  the  delivery  end  of  the  line  and  not  at  the  generator. 

*'  AVhen  the  power  factor  cannot  be  more  accurately  determined 
it  may  be  assumed  to  be  as  follows  for  any  alternating  system  ojx»r- 
ating  under  average  conditions:     Incandescent  lighting  and  syn- 
chronous motors,  95 9J^ ;  lighting  and  induction  motors  together, 
SS^i;  induction  motors  alone,  80^. 

*'  In  continuous-current  three- wire  systems,  the  neutral  wire  for 
feeders  should  be  made  of  one- third  the  section  obtained  by  the  for- 
mulae foreitherof  theoutside  wires.  In  both  continuous  and  alter- 
nating-current systems,  the  neutral  conductor  for  secondary  mains 
and  house  wiring  should  be  taken  as  large  as  the  other  conductors. 

*'  The  three  wires  of  a  three-phase  circuit  and  the  four  wires  of 
a  two-phase  circuit  should  all  be  made  the  same  size,  and  each 
conductor  should  be  of  the  cross-section  given  by  the  first  formula". 

Numerical  examples  of  the  application  of  this  table,  as  well 
as  of  other  formula,  are  given  later. 

A  better  idea  of  the  way  in  which  the  diflFerent  quantities  in- 
volved affect  the  regulation  of  an  alternating-current  line  may  1h» 
obtained  from  graphical  representation  or  from  formulje  which  are 
not  so  empirical.  Before  taking  up  other  methoils  of  calculation, 
however,  let  us  consider  the  meaning  of  power  factor. 

By  power  factor  we  mean  the  cosine  of  the  angle  l>y  whieh 
the  current  lags  l>ehind  or  leads  the  electromotive  force  prcHiueing 
that  current.  It  is  the  factor  by  which  the  apparent  watts  ( volts 
times  amperes)  must  be  multiplied  to  give  true  power.  The  formula 
for  power  in  a  single-phase  circuit  is  then. 

Power  ^^  IE  cos  0  when  0  is  the  lag  or  lead  angle;  and  for 
three-phase  circuits, 
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Power  =  IE  cos  0  V  3  when  I  is  the  current  flowing  in  a 
single  conductor. 

For  two-phase  circuits,  balanced  load,  this  becomes, 

Power  =  2  IE  cos  0\  and, 

Power  =  2  l/3  IE  cos  6,  for  six-phase  circuits. 

For  single  and  three-phase  circuits  E  is  the  voltage  between 
lines.  For  two-phase  circuits  it  is  the  voltage  across  either  phase, 
and  for  six-phase  circuits  it  is  the  voltage  across  one  phase  of  what 
corresponds  to  a  three-phase  connection. 

Considering  the  formula  for  single  phase,  we  find  that  the 
current  flowing  in  the  line  may  be  taken  as  made  up  of  two  com- 
ponents,  one  in  phase  with  the  voltage  and  one  90^  out  of  phase, 
lagging,  or  leading,  depending  on  conditions.     In  Fig.  18  let  OE 

equal  the  impressed   pres- 
sure and   OC  the  current 
^     flo wi  ng.     0  =  angle  of  lag. 
The  current  OC  may  be 
resolved   into  two  compo- 
nents, one  in  phase  with 
OE  =  OB,  and  one  90  de- 
grees behind  OE  =  BC. 
OB  =  (K)  COS  0  and  is  known  as  the  active  component  of  the 
current. 

BC  =  ()(^  sin  0  and  is  known  as  the  wattless  component  of 
the  current. 

The  capacity  and  inductance  arc  distributed  throughout  the 
line,  that  is,  the  line  may  be  considered  as  made  up  of  tiny  con- 


F\g.  18. 


Fipr.  19. 


densers  and  reactance  coils,  connected  at  short  intervals  as  shown 
in  Fig.  11).  Considering  the  inductance  and  capacity  as  distributtnl 
in  this  manner,  the  regulation  of  a  s>istem  may  be  calculated,  but 
the  process  is  very  difficult,  and  simpler  methods,  which  give  very 
close  results,  have  been  adopted  for  practical  work.     Probably  the 
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methods  presented  by  Perrine  and  JBaum  are  as  simple  as  any  ex- 
cept those  based  on  purely  empirical  formulae. 

Tables  giving  the  capacity  and  inductance  of  lines,  together 
with  the  formulsB  for  the  calculation  of  these  quantities,  have 
already  been  given.  It  has  also  been  stated  that  the  effect  of  the 
capacity  of  a  line  Is  to  cause  a  charging  current  to  flow  in  the  line, 
this  current  being  90^  in  advance  of  the  impressed  voltage.  The 
value  of  this  charging  current  i«: 

^,        .                  ,           .           E  X  0  X  2  TT  X  /    .     1      , 
Chargmg  current  per  wire  = -— '—,  single-phase. 

<w   X    Av/ 

C  =  capacity  in  micro-farads  of  one  wire  to  neutral  point, 
y  =  frequency  of  the  circuit. 
E  =  voltage  between  wires. 

2 

Charging  current,  three-phase,  =  — --  or  1.155  X  charging 

1/3 
current,  single-phase. 

Since  the  voltage  across  the  lines  is  not  the  same  all  along 
the  line,  the  value  of  the  charging  current  will  not  be  the  same, 
but  the  error  introduced  by  assuming  it  to  be  constant  is  not  great. 
For  our  calculation,  then,  we  assume  that  the  charging  current  in 
an  open -circuited  line  is  constant  throughout  its  length,  and  also 
that  the  capacity  of  the  line  may  be  taken  as  concentrated  at  the 
center  of  the  line. 


T 


^O 


fl 


T 

L. 1 1 

Fig.  20. 


Consider  a  single-phase  line  such  as  is  shown  diagrammatically 
in  Fig.  20. 

T^t  Eq  =  the  voltage  at  the  generator  end  of  the  line. 
E    =  the*  voltage  at  the  receiver. 
L    =  self  induction  of  the  line. 
Jq   =  charging  current  per  wire. 

I     =  current  flowing  in  the  line  due  to  the  load  on  the 
line. 
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i-    =  wag^  ly  -wziiesL  :3e  joad  cbccili  £&r3 


^  ^  ^  ^  ^^  ^        ^"  ^  •  'i"^"  ^* 

:,;  :rr^a  "nt-  i  uLi»rr:»!:kZ  rts;3Ll:.     Tir  .^^akadir  >-  mar  l«r  con- 


• 


TLr  Tr  riif   aca*^^*^  of  :zir  lizje  az»i  ctxisi-irrinfir  it  as  a  con- 

:  I'j:  nrr»rc:  li*  f.x-.z-j:  iTr^r  -i-cIt  'toe-balf  of  iLr  Iin«-,  or  ooe-half  the 
rz^A^Z.z:z  !irrrc:  hat  ':«r  -nitii-irrtti  a$  fo'^i::^  over  all  of  the  line. 


Tlrr  :- :#:iifc:i.^  :t±rTWzj^li^tilZjl^\    R' -  m' U  =  Y^  —  jhm. 

.1^  :1a:  z^r  :>::ri:  -i^rr   /•  *   Vl^L-i  iLr  prt:=i-rr  . 


- 1. 


Tlr-  :lr  i'  T    :  --  :.  :ir  i:::^^  .-  n:p:.-rL:  of  the  k«ad  is 

Tn-r  •:-  r   i:r  ::•  :'Lr    •■  •.::'rrf  o.-::.:*  r.rr.:  of  the  load  is 

-    :  .  '   r   R  -*Xto. 

Y:.-  •:.-  :    :  .-   :?  ::--r  c:.  ^'^'.zy  C7.rrfn:  is  —  /  .,*^^  •  R  ^  JIjO)) 

"P^-  :  :.ii    ir  r   'r  •:-:": li  :.»  :Lr  s;ni  of  rhese  three  values  =  t. 


"ii » 


E   ^  E  -  r   =  I  0-5  r    K  -     U»   -..'I  sin  <>  ( R  -  ^U,) 
Expmdintr  this  and  subs:i::::ir,i:  -  1  (orf'  we  have. 
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E^  =  E  +  I  cos  ^  K  +  jl  CO&0  Lo) -  jl  sin  0U+lQ\n0L(o 

Referring  to  Fig.  21  we  have  these  various  valnes  plotted 
graphically. 

E,  .  IcR  1  loLo) 


bo  =  -- 


^   '  2 

al  =  +  I  cos  0  R,  (le  =  +  ^/I  cos  0  Lo), 

6!/  =  -ilR  sin  ^,  /^  =  +  11^  sin  0^ 

og  =  E^. 

(lb  is  plotted  90°  in  advance  of  (ta  on  acconnt  of  the  symbol 

he  is  plotted  in  the  opposite  direction  from  oa  on  acconnt  of 
the  negative  sign. 

^^is  plotted  downward  on  acconnt  of  the  symbol  -j. 


0**^ 


^ 

-"k 

9 

1 

"-. 

/x 

^--a 

.,,  q 

1 

^  •«*  **^ 

^^  ^  ■^ 

^  -• "  "      '' 

b 

,,-"'                "-^ 

^    —     **                                                                                                                                                                                             «V 

a 

-a' 


Fig.  21. 


If  we  let  oa\  Fig.  21,  represent  the  current  vector,  then  B  = 
angle  of  lag,  and  eg  which  equals  IR  is  plotted  parallel  to  oa  and 
ee  z^Wao  is  plotted  perpendicular  to  oa\ 

It  is  seen  from  this  that  the  charging  current  tends  to  pro- 
duce a  rise  in  E.M.F\  instead  of  a  drop  in  pressure. 

The  above  takes  into  account  only  the  constants  of  the  line. 
In  order  to  determine  the  regulation  of  a  complete  system,  the 
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resistance^  cnpacity,  and  inductance  of  the  translating  devices  must 
l)e  considered  as  well.  In  Fig.  22  is  shown  a  diagram  of  a  com- 
plete system  with  both  step-up  and  step-down  transformers  con- 
nected in  service.  Tlie  charging  current  may  be  considered  as 
flowing  through  half  of  the  system  only,  namely,  the  generator, 
tlie  step- up  transformers,  and  one-half  of  the  line. 

L    R 


R 


^ 


T 

L 
1- 


Fig.  22 

I^et  R,  =  the  tnjuivalent  resistance  of  the  step-down  trans- 
formers. 

Rj  --  the  tHjuivalent  resistance  of  the  step-up  trans- 
formers. 

1.,  =  inductance  of  the  step-down  transformers. 

Lj  =  inductance  of  the  step- up  transformers. 

Rj  =  iHjuivalent  rt»sistance  of  the  generators. 

L^  --:  equivalent  iiuluctaiKV  of  the  generators. 

K  ivsistanoo  of  tlu'  liiu'. 

li  iiHiu<.'taiK*o  of  tho  liiu'. 

Kt        K,    •    K.        K         K. 

All  quant  it  it's  sliouKi  1h'  ronvi»rtt'd  into  their  equivalent 
values  U)V  the  full  line  of  pressure.  Thus  the  generator  and 
reeeiver  voltajj^'s  shouKi  he  luultiplied  hy  the  ratio  of  transforma- 
tion of  tlu»  step  up  aiul  step  liown  transformers,  resj)ectively,  to 
ehano;i»  them  to  tin*  full  lim*  pressure.  Tin*  resistance  and  induc- 
tamv  of  tin*  transfornn^rs  must  inehuh^the  resistance  and  inductance 
of  hoth  windintrs,  ami  the  value  must  eorrespoml  to  the  line  voltaw. 
Thus  the  resistance  of  the  step  up  transformers  will  Ik^  /',  /i^  +  r„ 

when  /',  -::  resistance  of  primary  coil, 
/•.         resistanee  of  seeomlarv  eoil, 
ft         the  ratio  of  transfoiniation.       In  the  same  way,  the 

equivalent  ri'sistanee  of  the  step-down  transformers  will  l)e  /•,-!-  ft' 
/*,.  The  generator  resistanet*  and  imluetance  must  Ih»  multiplied  by 
7/'  to  bring  them  to  equivalent  values  for  the  full  line  pressure. 
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Our  formula  then  becomes: — 

Eo  =  E  +  I  cos  ^  (Et  +^*Lr<»)  -j  I  sin  6  (Rp  +iLr»)  + 
He  [(I  +  R,  +  Rg)  +ia,  (^  +  L,  +  Lfe)] 

Plotted  graphically  we  have,  Fig.  21 : 

^a  =  E  <?tZ  =  I  cos  ^  Rp 

/R  ,      T>    \  rfa   =  y  I  cos  ^  Lt  O) 

The  numerical  value  of  E  and  Eq  may  be  determined,  from  a 
diagram  such  as  is  shown  in  Fig.  21,  when  constructed  to  scale; 
or  it  may  be  calculated  analytically,  remembering  that  the  quan- 
tities affected  by  j  are  to  be  combined,  geometrically,  with  the 
quantities  not  affected  by  the  symbol. 

The  above  formulse  apply  to  single-phase  circuits  directly. 
If  to  be  used  for  the  calculation  of  three-phase  circuits,  the  follow- 
ing points  must  be  observed: 

2 

1.  Charging  current  ( Ic  )  three-i)ha8e  =       —   x  charging  current 

8ingle-pha8e. 

2.  Tlie  voltage  should,  preferably,  be  considered  as  the  voltage  be- 
tween one  line  and  the  neutral  point.  The  voltage  to  the  neutral  (loiut 
will  be  the  line  voltage  divided  by  y  3. 

8.  The  resistance  of  one  line  only  ih  considered,  not  the  resistance 
of  a  loop. 

4.  The  inductance  of  one  line  only  is  used.  The  iuductance  of  one 
line  e<iuals  the  Inductance  of  a  loop  divided  by  y'^^ 

Examples  of  Alternatins^-Current  Line  Calculation. 

1.  What  is  the  capacity,  in  micro-farads,  l)etween  wires  of  a 
single-phase  transmission  line  10  miles  in  length  composed  of 
number  6  copper  wire  spaced  15  inches  apart  ?  What  is  the 
capacity  to  the  neutral  point  ? 

/  in  farads  = i^j-^ per  mile  of  circuit. 

,        2A       ^ 

^"s  If 

A    =  15  inches  d  =  162  inches. 

2A 

—  =  185  log  185  =  2.2672 
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C  in  tmnds  =    ^  '^I^K-a —  X  10  =  .000000085 

C  in  iiiicn>.&rmds  =  .O000O0OS5  X  1,000,000  =  .085 

C  in  micro-EaradB  with  respect  to  the  nentral  point  =  — jj 

C  in  niicn>*6inul3  =  ^^ —    .>  Oft-^o  X  10  =  .171 

M        iX^        «w.«wO  I  M 

This  shows  that  the  capacity  to  the  nentral  point  is  twice  the 
capacity  to  the  other  wire. 

2.  What  is  the  self  inductance  of  the  above  circuit  ? 

(2A  .\ 

2.303  1(^  ^   +  .25  )  per  mile  of  circuit. 

L  =  .00055S  (2.303  X  2.2672  +  .25)  X  10 

=  .00055S  X  5.17  X  10  =r  .0305  henns. 

* 

3.  A  circuit  has  a  capacity  of  .2  micro-farads.  What  must 
be  the  value  of  its  inductance  to  compensate  for  this  capacity  at 
60  cycles  ? 

c-       1 

C  =  .(KKMMM)2 

(2  7r/)-  =  [2  X  3.1410  X  00)'  =  142122 

.0000002  =  ,-,-JU-T- 

1421*22  L. 

L  =  142122  X  .0000002  =  .02S4 

4.  It  is  desired  to  transmit  1,000  K.W.  a  distance  of  25 
miles  at  a  voltage  of  20,000,  a  frequency  of  60  cycles,  and  a  power 
factor  of  ^57^.  Transmission  is  to  be  a  three-phase  three-wi re  sys- 
tem.    Allowing  109^  loss  of  delivered  power  in  the  line,  required: 

a  Area  of  conductor. 

b  Current  iu  each  conductor. 

c  Volts  lost  in  line. 

d  Pounds  of  copper. 

^.       ,  .,  I)  X   W  X   C 

a     Circular  mils  =  ■ -^ ,,, 

J^   X  1^" 
D  =  25  X  5,280  =  182,000 
W  :-  1,000  X  1,000  =  1,000,000 
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C'  =  1,500  for  three-phase  three  wire  system  and  85%  power 

factor. 

J)  =  10 

E  =  20,000     E*^  =  400,000,000 

^.      ,         „         132000  X  1000000  X  1500 
Circular  mils  = j^^_j-^^^^^^^^^^ = 

132  X  1500  =  198,000. 

Ninnl>er  0000  wire  has  a  cross-section  of  211,000  cir.  mils. 

W  X  T 

b     (Current  in  each  conductor  =:        ,, 

T  =  .()S  for  tliree-pliase  system,  85%  power  factor. 

Ar    u     1     ,  .      1.              ^>   X    E   X    B 
c      \  olts  H>st  in  line  -  - liwT 

]]  =  1,\V,)  for  numlier  ()()()()  wires,  00  cycles  and  85%  power 
factor. 

I)-  X  W  X  C   X  A 
d  Pounds  coppr  =  ^^^^^  i.oooTKK)'  ""'  ''  """^  ^  '''^- 

culated  directly  from  the  weight  of  wire  given  in  the  tables  after 
the  size  of  wire  has  been  determined  by  other  formula;.  Thus  75 
miles  of  number  0000  wire  is  required.  This  weighs  (541  pounds 
per  1,000  feet. 

641  X  5.280  X  75  =  253,836  pounds, 

5.  A  single-phase  line  20  miles  in  length  is  constructed  of 
number  000  wire  strung  24  inches  apart.  It  is  desired  to  trans- 
mit 500  K.W.  over  this  line  at  a  frequency  of  25  cycles  and  a 
power  factor  of  80%,  the  voltage  at  the  receiver  end  being  25,000. 
Considering  the  line  drop  only,  what  must  be  the  voltage  at  the 
generator  end  of  the  line? 

Eo  =  I  +  I  cos  ^  R  -f  ;•  I  cos  0L(o  +jl  sin  ^  R  +  I  sin  0 

L  o)  +  i  -^  R  -  -V-  L  a>. 
•^2      2 

E  =  25,000 

J  500,000     ^^  ,-p      „.   ^ 

^  =  25,000  X  .80  =  ^'     (^^""-  -  "^  ^"^  ^ 


?r«¥ia  mjL 


K2i.  »c::rf 


-•     ^* «  ^  •—  -  r-"* 


♦  ♦ 


4.1  -  -:  • 


!-•.♦.♦♦. 


.•<i]v> 


•    —    --'^  •       Ti.:trr  -  ^    .r  tn^i**i-L 


^i.    »-%    .m. 


1  '_:i-  k>:'T"-r  t'lrii 


:«  -4  -  : 
-:l  -4  -  : 


* 


E,  =  I   ::;:,♦♦ 


:-»i'!a.>s  t^a:  tLr  ::iAr.:ii:<:s  must  fe  com- 


fAfl-td 


rCr.'^a..T 


-     : '.:^     =-  C'.4l-.5  To::5. 


« ifr  * ^- 


«  — 


:_  -f  :i  Irrii^.i:  if  v>:'L5tmcte»i  of 
--i  iTiir:.  Wrr  wirh  to  tninsiiiit 
I,*//;  K/*V.  ^, -. --  -  .  -  L  :  -  i".  i  f'-.-.'-L-T  •  :  2-Ti  cvv-It-s  a:.d  a  ri^iwcr 
f^/rVyf  '/  --''C.  ::,-  V  .'.ij-  -:  ::.-  T-^-rrv]:.^  ^:A  l^r'.z.^  '2j^^\  Three 
y^^/r,:>-r'V-*i  '♦••  K/»V.  :-^^  --  -:  .-^--  riviL^:  a  ratio  of  10  :  1  ^tfp 
•.h*r  v^/'^j/-  r;j,.  :&i:.';  •:  .  \  .:  --  'l^-t  »:.  i  •  :  ti.r  Hr,f.  The  ivsisiance 
of  th^t  h:i^*ri->r,-!or.  v..-.  .;.j  f.f  ^  i  L  :rti:.-!V»mit*r  is  4  ohms.  The 
rt'*'iriiiSif'r  of  th«-  Ivv.-Vr. -':•.:,  '.v::.«ii:iLrs  is  .«»4  ohms.  The  indiic- 
Uitirt'  iff  t-Hf')!   trar.-for:.'.-r  i-    4  i.rr.rv:^.      Necrleclintr  the  crenerator 

•  "~  ^*  r^ 

f'OUrUiitir.   '/,]thi   If.';-*.    \r'   t'.-   vol^.ii^*-  aji|»lit-«l   lo  the  low-teDsion 
wifidi/ir/rt  of  tli»-  .-t»-j;-»ij»  Trarj-foniirrr  ' 

l\,        K        I  ro-  0     \iy       j  ]^fj) )       /'  I  sin  ^  (  Itp  -r  ^'  I^r^')   -f  ./  Ic 

L 


[( .  " )  -  ( '^  - '-)] 


Hiiicii  til  in  j'h  fr>r  a  thn^e-jiluise  circuit  we  will  work  with  the 
yolUijji'.  U)  l\n'.  jH'Ulvii]  jioint  and  will  change  all  values  to  corre- 
M[Hind  to  tlj(*  line;  voltage.      Ilcncc, 
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^^    X     10    =  -     :    X     10    + 


VS  V  s 

I  =  34  amperes.  Since  l'3"lE  Cos^  =  1,000,000 

E  ■=  10  X  2,000  =  2(),()0() 
('08^  =  .85 
I  =  34. 

Ttp  ==  Resistance  of  one  line  +  ecjiiivalent  resistance  of  one 
tninsforiner  at  each  end  of  the  line. 

11^,  =  7.28  ohms  +  4  +  100  X  .04  +  4  +  100  X  .04. 

=  23.28  ohms. 
L^  ==  .0554  -^  V^a"-!-  .4  +  .4  =  .832  henrys. 
o)  =  157 

sin  0  =  .52 

2 
I^  =  ,589  X   -;^^  =  .^>77  amp.  —  cliargintr  cnrrent  singhs 


V  3 


2 
phase  X  -  --. 
*  13 

-?  -  3.64 

II,  =  8 

-;^  =  .016  L,  =  .4 

Substituting  these  values  in  our  formula  we  have, 

+  j  7.88  -  27 
=  11,550  +  672.8  +  2,m)'.)  -  27  -(-  ,/  (3,774  -  411.6  +  7.88) 

=  1 '  14,504.8  -(-  887U;?'  =  14,857 
Eo  =  2,570  volts. 
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The  Mercury  Vapor  Converter  is  the  result  of  the  discovery 
of  a  new  principle  in  the  phenomena  of  electrical  physics.  This 
new  principle,  which  concerns  the  passage  of  electricity  through  a 
vacuum  tube  or  bulb,  may  be  briefly  explained.  For  electric 
current  to  pass  through  a  vacuum,  two  electrodes  are  required — 
one  to  lead  it  in  and  the  other  to  lead  it  out.  These  electrodes 
are  merely  electrical  conductors  exposed  in  the  vacuum  space. 
The  electrode  by  which  the  current  enters  is  called  the  ainnle  or 
2)OHittvt'^  and  that  by  which  it  leaves,  the  cathode  or  neyative. 
The  positive  and  negative  electrodes  must  evidently  be  connected, 
respectively,  to  the  positive  and  negative  supply  lines.  It  is 
found  by  experiment,  that,  except  under  certain  conditions,  a  very 
great  resistance  to  the  j)assage  of  current  exists  at  the  surface  of 
the  negative  elect roile  of  a  vacuum  tube,  and  that  to  operate  all 
ty[)es  of  such  aj)paratus  (exce{)t  under  these  jx^culiar  conditions), 
this  great  resistance  has  to  be  continuously  overcome  by  the  appli- 
cation of  a  InVh  electromotive  force. 

The  necessary  high  electromotive  force  has  usually  been 
obtained  from  an  induction  coil.  Little  or  no  resistance  to  the 
passage  of  current  is  found  at  the  anode,  however.  This  sur- 
prising resistance  to  current  flow  which  is  found  at  the  negative — 
called  the  "negative  electrode  resistance  "— is  so  great  under  ordi- 
nary conditions  that  many  thousand  volts  are  recjuired  to  overcome 
it.  Strange  to  say,  all  that  is  necessary  to  practically  eliminate  this 
negative  electnnle  resistance  is  to  maintain  the  supj)ly  of  current 
continuous  after  the  current  has  once  startt*d.  If  the  current  is 
interruj)ted,  <V(H  fnr  an  Jnsta/tt.,  or  if  it  fall  to  a  low  value  (say 
below  one  or  two  amperes),  the  negative  electrode  resistance  will 
assert  itself,  and  no  current  can  flow. 

It  will  be  noted  that  in  all  vacuum  tubes  the  current  must  be 
started  by  high  potential  or  other  means  before  tlie  negative  elec- 
trode resistance   will  disap])ear.     In   other  words,  whenever  the 
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z-..-.^  =K-i>r>r  r^cviK^i*'  r**iB.i»nce  is  broken  down,  cnrreDt  will 
j^.c:--T-r  :."•  --.  w.  sirt^iinc  oaly  flight  resisUnce  nntil  the  current 
*:  :tf  if  '.isr'.',  wlrt-a  tLe  original  iDitial  negative  electrode  resist- 
*;or  w:!!  Tv-TTJiii-Hjii  iiielf.  The  r*«son  that  older  types  of  vacnnin 
kf-itfcTki-f  •:•  ^y.  met  ;a  the  $ame  manDeraa  Mr.  Hewitt's  tube,  ia 


^ 

^ 

\ 

^ 

>-  EllilbUcO  by  Mr.  MewlH. 


.  J. 


that  iln'  t^i'l'l'^v  I'r^iinvm  is  iiiifrniilt.Tit  in  its  nature,  uiid  that  tlu- 
iu'i::iii\i'  fliviri"U'  rf^i:;t;i!H'i'  is  U'irii;  (MniliHnui^lT  re-estiililislied  l>_v 
lin-  iiitfiTupiii'ii  I'f  tin-  i-iirrt-iM.  KiirilitT.  ii  !:>  found  that  a  liquid 
iUH'-.itivf.  tiu-li  :i:?  iiu-n-iiry,  is  tin-  only  one  that  will  ojK-nite  ooii- 
liiiiiou^lv  wilhoiit  di'tfrioraliiin.  Tin'  uKI  lyjK'S  of  ajii»aratu9  prac 
tU-ally  ail  u>.'  soliil  ii.-ipniv,-s. 

.Mr.  Hi'wilt  ilisi'ovt'ntl  that  i-iirivnt  passpiJif;  ihroiiph  a  vacuiiin 
fhari'i-d  with  uu-n-ury  vapT  t-iiiscs  this  vajmr  to  emit  an  intense 
liyht,  with  a  conipanitiv.'ly  ,-tnall  rxpenditure  of  energy.     His  dis- 
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covery  of  how  the  negative  electrode  resistance  can  be  eliminated, 
allowed  him  to  make  economical  use  of  this  very  efficient  and  new 
method  of  producing  light     Hence  his  mercury  vapor  lamp. 

APPLICATIONS. 

The  great  principle  of  the  "  negative  electrode  resistance"  has 
thus  been  briefly  explained.  Various  practical  applications  can  be 
made  of  it,  which  may  be  summarized  as  follows : 

1.  Owing  to  the  low  operating  "negative  electrode  resistance,"  a 
vacuum  electric  lamp  can  be  economically  used. 

2.  From  the  fact  that  an  initial  extra 
voltage  is  recjuired  to  produce  the  state  of  low 
negative  electrode  resistance,  a  vapor  con- 
verter can  be  constructed  which  will  change  "**  V ****%/  -•• 

alternating  current  into  direct  current 

8.  Owing  to  this  same  property,  tlie 
apparatus  can  be  used  as  a  circuit  breaker 
for  alternating  currents. 

4.  Owing  to  the  combination  of  the  two 
properties  described  above  (1  and  2),  the  ap- 
paratus can  be  advantageously  used  as  a  dis- 
charge gap,  sometimes  called  an  intei^upter, 
to  replace  the  air  spark  gap  commonly  em- 
ployed for  wireless  telegraphy  and  other 
purposes. 

DIRECT  FROM  ALTERNATING  CURRENT. 

To  make  clear  the  usefulness  of  the 
vapor  converter,  it  will  be  necessary  to      ^'«f^:„  iXZ,Tv^",?Sr^,!;!"' 
state  briefly  the  characteristics  of  alter- 
nating as  distinguished  from  direct  currents. 

An  electric  circuit  carries  direct  current  when  electricity 
passes  in  one  direction  continuously  through  the  circuit.  A  cir- 
cuit  carries  alternating  current  when  at  one  moment  electricity 
passes  in  one  direction  throughout  the  whole  circuit,  and  at  a  later 
instant  of  time  in  the  opposite  direction  throughout  the  whole  cir- 
cuit, and  so  on.  Only  direct  current  is  suitable  for  charging 
storage  batteries.  Direct  current  is  much  more  suitable  than  alter- 
nating for  operating  a  great  many  classes  of  motors,  such  as  eleva- 
tor and  hoisting  motors,  and,  up  to  the  present  time,  motors  for 
street-car  or  railway  work.  It  is  found,  however,  that  alternating 
current  is  very  much  more  economical  than  direct  current  for  trans- 
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ONE  EMF 


mltting  and  distributiiijr  electrical  power.  Consequently,  since 
only  direct  current  is  suitable  for  many  purposes,  it  will  often  l>e 
advantageous  to  be  able  to  obtain  direct  current  from  alternating. 
This  result  can  be  accomplished,  at  the  present  time,  by  means  of 
certain  electrical  apparatus  called  the  ''rotary  converter,"  which  is 
very  similar  to  an  electric  generator  or  motor,  but  which  is  large 
and  expensive,  requires  expert  handling,  and  is  not  particularly 
efficient.  It  is  the  function  of  the  vapor  converter  to  provide  a 
more  satisfactory  method  of  obtaining  direct  current  when  only  an 
alternatincj-current  service  is  available. 

In  the  diagram  a,  Fig.  3,  are 
shown  the  variations  of  ordinary 
alternating  current  or  alternat- 
ing electromotive  force.  Con- 
sider that  in  this  fimire  the  dis- 
tance  of  the  curved  line  above  or 
below  the  horizontal  line  indi- 
C4ites  the  strencrth  of  the  current 
or  voltage  at  any  particular  in- 
stant of  time,  and  tliat  the  further 
wi^  a'(>  to  tlie  rio;lit  on  the  hori- 
zontal  line,  tlie  later  the  instant 
of  time  indicated.  When  the 
eiirve  is  above  the  horizontal 
]iiK\  tlie  current  in  the  circuit. 
Qr  the  electromotive  force,  is  in  oik^  direction,  and  when  the  curve 
is  l)elow  the  horizontal  line,  it  is  in  the  other  direction.  It  will  be 
noticed  that  in  clian<j;ing  from  one  direction  to  the  other,  the  value 
of  the  curi*cnt  or  voltaoe  (rnidnally  decreases  to  zero,  and  then 
increases  in  the  other  direction  np  to  a  maximum,  when  it  atmin 
decreases  to  zero  and  returns  to  its  original  direction,  and  so  on. 

Let  us  now  consider  the  Ilevvitl  a|)[)aratus.  This  may  he 
briefly  desci'ilied  as  a  large  glass  bulb  or  globe,  with  a  small  ])ud(lle 
of  mercury  at  the  bottom  constitutino;  the  negative  electrode,  and, 
supported  from  the  top  |)art  of  the  bulb,  two  or  more  electrodes  of 
iron  or  othtM*  material.  These  electrodes  are  of  various  shai)es,  and 
usually  not  over  one  or  two  inches  in  t\/\\  Platinum  lead  wires 
run    from  all  the  electrodes  to  the  outside   line  wires,  thromdi   the 
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glass,  which  makes  a  perfectly  air-tight  joint  with  this  metal.  The 
bulb  Is  exhausted  as  perfectly  as  possible  of  all  gases  except  mer- 
cury vapor.  A  converter  of  this  type  is  shown  in  Fig.  1.  In  some 
cases  It  is  desirable  to  make  the  electrodes  all  of  mercury.  Such 
a  converter,  with  four  positives  and  a  negative,  is  shown  in  Fig.  8. 

On  account  of  the  nature  of  the  negative  electrode  resistance, 
if  we  connect  a  Hewitt  mercury  vapor  apparatus  across  suitable 
direct-current  mains,  and  start  it  by  breaking  down  the  negative 
electrode  resistance,  current  will  flow  steadily  until  it  is  stopped 
by  means  external  to  the  apparatus,  this  being  the  proper  operation 
of  the  apparatus  on  direct  current  for  giving  light. 

Suppose,  however,  we  suddenly  change  the  direct  current  to 
alternating  current.  At  the  instant  or  change,  nothing  new  occurs. 
There  is  no  difference  in  the  operation  of  the  apparatus,  since  we 
shall  assume  there  is  at  the  instant  no  change  in  the  current. 
Then,  referring  to  Fig.  3,  at  point  A,  where  ,we  shall  assume  the 
alternating  current  begins,  it  will  be  observed  that  the  value  of 
current  begins  to  decrease,  until  finally  a  zero  point  is  reached  at 
B.  At  this  time,  of  course,  current  ceases  to  flow.  Meanwhile 
the  alternating  electromotive  force  or  voltage  is  reversed,  and 
begins  to  increase  in  strength.  This  reversal  of  direction  makes 
the  other  electrode  of  the  apparatus  the  negative;  and,  if  we  pro- 
vide no  means  of  overcoming  its  initial  negative  electrode  resist- 
ance, no  current  can  flow.  The  same  condition  will  exist  also 
when  the  alternating  force  has  again  become  zero,  and  flows  in  its 
original  direction,  as  indicated  at  the  jx)int  C  (Fig.  3).  If  the 
electrode  resistance  were  broken  down  again  at  this  point  C,  of 
course,  the  lamp  would  start  again,  and  would  run  until  the  cur- 
rent again  becanie  zero  at  the  point  D.  It  is  thus  evident  that  this 
apparatus  cannot  run  continuously  of  itself  on  alternating  current. 

Suppose,  however,  instead  of  the  ordinary  lamp,  which  has 
but  two  electrodes,  we  use  an  apparatus  like  that  shown  in  Fig.  2, 
which  has  two  electrodes  at  one  end  and  one  at  the  other.  Sup- 
pose we  pass  direct  current  between  electrodes  1  and  3  in  such  a 
direction  that  3  is  the  negative  or  cathode.  Then,  as  in  the  mer- 
cury vapor  lamp,  current  will  continue  to  flow  between  these  elec- 
trodes: and  the  neffative  electrode  resistance  of  electrode  3  will  be 
practically  eliminated  by  this  current.     Suppose,  now,  we  apply. 
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iu  addition  to  this  direct  current,  the  alternating  electromotive 
force  of  Fig.  3  between  electrodes  2  and  3.  When  the  alternating 
electromotive  force  is  at  the  point  A,  current  will  flow  from  2  to 
3,  since  3,  being  the  negative  for  the  alternating  current  as  well  as 
for  the  direct,  has  no  negative  electrode  resistance,  on  account  of 
direct  current  which  flows  to  it  from  electrode  1.  As  the  alter- 
nating electromotive  force  changes  to  the  opj)Osite  direction,  it 
attempts  to  flow  from  3  to  2;  but,  since  in  this  case  electrode  2  is 
its  negative,  and  since  its  initial  electrode  resistance  is  not  broken 

down,  the  reverse  alternation  of 
the  alternating  current  cannot 
start.  When  the  alternating 
electromotive  force  returns  to  its 
first  direction  again,  however,  3 
is  its  negative,  and  current  will 
flow  as  before. 

Thus  only  those  alternations 
of  tlie  suj)ply  which  have  the  di- 
rection from  2  to  3  can  pass,  and 
we  have  succeeded  iu  wttincr  one 
kind  of  direct  current  from  an 
alternating  source.  The  inter- 
mittent character  of  this  current 
is  shown  'dta  in  Fig.  5.  This  is 
jjerliapsthe  simplest  form  of  con- 
verter. The  direct  current,  how- 
ever, tliough  all  in  the  same  di- 
rection, is  intermittent,  and  not  well  adapted  for  some  kinds  of  work. 
Take  anotlier  case.  ISnppose  we  have  a  second  alternating 
current  exactly  o])p()site  to  the  first,  and  suppose  we  have  a  fourth 
terminal  in  Fig.  2  similar  to  Fig.  1,  and  that  the  new  alternatintr 
current  is  sent  from  the  new  electrode  to  3.  The  relation  of  the 
two  alternatintr  electromotive  forces  is  shown  in  FiiX.  3.  It  is  evi- 
dent  that  the  second  alternating  current,  like  the  first,  will  pass 
only  those  alternations  which  are  in  the  right  direction,  and  that 
the  others  will  be  snj)])ressed.  Ihit  the  former  come  just  at  the 
times  when  the  first  alternating  current  is  not  acting,  so  that  the 
ga])S  of  direct  currcMit  left  by  the  first  are  filled  in  by  the  second. 
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and  the  current  flowing  in  the  negative  is  much  more  nearly  steady 
than  in  the  first  case.     This  current  is  shown  at  h  in  Fig.  5. 

Should  the  direct  current  from  1  to  3  be  suddenly  stopped, 
alternating  current  would  continue  to  flow  from  2  or  from  the 
extra  electrode,  whichever  happened  to  be  then  oj)erating,  until  the 
first  zero  point  was  reached,  w^hen,  since  both  alternating  electro- 
motive forces  are  zero  at  the  same  time,  all  current  would  cease  and 
the  apparatus  refuse  to  operate. 

Now,  suppose  that  the  vapor  apparatus  shown  in  Fig.  1  be 
operated  without  direct  current,  and  suppose  that  three  different 
alternating  currents  be  applied,  each  one  between  the  negative  and 
one  of  the  three  positive  electrodes.  These  alternating  electromo- 
tive forces  are  to  be  considered  as  three-phase  electromotive  forces 
— that  is,  each  one  lags  ^  of  a  complete  double  alternation  behind 
the  one  before  it,  as  shown  in  c  (Fig.  3).  Suppose  the  electromo- 
tive force  E  in  this  figure  to  be  passing  a  current  from  its  proper 
positive  electrode  to  the  negative  in  the  three-phase  converter, 
shown,  in  Fig.  1.  As  this  electromotive  force  becomes  less  and 
less  until  the  point  M  is  reached,  the  current  through  the  converter 
would  become  less;  but  at  this  point  the  electromotive  force  F  is 
seen  to  have  risen  to  the  same  value  in  the  same  direction  to  which 
the  electromotive  force  E  has  fallen;  and  thus,  evidently,  the  elec- 
tromotive force  F,  becoming  greater  than  E,  takes  the  current  from 
E,  and  causes  the  current  to  increase  in  value  again,  following  the 
curve  F  of  the  figure  until  the  point  N  is  reached,  where  the  elec- 
tromotive force  (t  in  turn  takes  the  current  away  from  F  and 
carries  it  to  the  point  P,  at  which  the  electromotive  force  E,  having 
gone  through  a  complete  half-cycle,  is  ready  again  to  take  up  the 
current  from  G  and  carry  it  to  the  point  Q,  and  so  on  indefinitely. 
With  this  type  of  circuit  there  is  evidently  no  time  at  which  the 
current  through  the  negative  electrode  becomes  zero,  and,  conse- 
quently, the  converter  continues  to  operate  indefinitely  without  the 
necessity  of  supplying  direct  current. 

Such  three-phase  electromotive  forces  as  are  here  described 
can  be  obtained  from  any  three-phase  circuit  in  which  the  neutral 
point  is  available.  This  is  the  ty{)e  of  converter  first  shown  by 
Mr.  Hewitt.  It  will  readily  be  seen  that  in  this  case  the  direct 
current  in  the  negative  electrode — which  is  the  current  that  it 
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available  for  useful  work — has  a  much  steadier  value  than  would 
be  obtained  by  the  apparatus  of  Fig.  2.  Similarly,  with  an  apara- 
tus  having  still  another  positive  electrode  and  four  alternating-cur- 
rent electromotive  forces,  we  should  again  have  a  converter  in 
w^hich  the  electromotive  forces  so  overlapped  as  to  require  no  direct 
current  for  bridging  the  zero  points  of  the  current.  Such  alternat- 
ing electromotive  forces  can  be  obtained  from  any  two-phase  or  ^- 
phase  circuit  where  the  neutral  point  is  available.  In  this  appara- 
tus the  current  in  the  negative  is  still  more  nearly  steady  than  in 
the  case  of  the  three-phase  converter. 

The  currents  from  the  differ- 
ent types  of  alternating-current 
a  circuit  are  compared  as  to  stead- 
iness in  Fi<T.  5.  In  this  iicrure  it 
is  assumed  that  there  is  no  choke 
coil  to  smooth  out  the  variations 
of  the  current;  whenever  such 
choke  coils  are  used,  the  current 
is  materially  steadied. 

On  nijiny  alternating-current 
circuits,  however,  only  one  volt- 
age is  available,  and  there  is  no 
direct  current  for  bridtrjuor  the 
zero  points  as  was  found  necessary  in  Fig.  2.  For  these  cases,  it 
is  very  desirablt;  to  have  some  means  of  ()])erating  a  vapor  converter. 
This  can  be  acc()ni])]islie<l  by  tlie  ap[)aratus  shown  in  Fig.  4,  which 
is  the  same  as  tliat  of  Fi^.  2,  exce])t  for  the  connection  to  the  sup- 
ply circuit,  and  excej)t  fur  tlie  choke  coil  ])laced  in  lead  from  the 
negative  electrode. 

Keferring  to  the  figure,  supj)ose  that  the  voltage  between  the 
(Oectrode  P  and  the  middle  ])()int  \i  of  the  su])])ly  transformer  be 
supplying  current  through  electrode  1;  this  current  is  delayed  be- 
hind the  electromotive  force,  since  it  has  to  How  through  the  choke 
coil.  This  means  that  when  the  electromotive  force  from  1  has 
dro{)ped  to  zero,  tlie  current  has  not  yet  reached  zero,  since  it  lacrs 
lu^hind.  Tlui  conviM'ter  does  not  go  out  at  this  instant.  It  would, 
liowever,  go  out  a  little  latei*,  when  the  current  finally  did  reach 
the  zero  j)oint;  but  the  electromotive;  force  between   the  terminals 
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S  and  R,  which  is  exactly  opposite  to  that  between  P  and  R,  is 
trying  to  force  current  from  electrode  3  to  electrode  1,  and,  on  ac- 
count of  the  lag  of  the  current  from  1,  it  will  pick  up  this  current 
before  it  becomes  zero,  and  maintain  it  through  the  rest  of  the 
alternation,  until  this  electromotive  force  in  turn  approaches  zero. 
Again,  since  the  current  is  lagging  behind,  the  electromotive  force 
between  P  and  R  will  pick  it  up  from  R  and  S  before  it  actually 
becomes  zero,  preventing  the  converter  from  stopping;  and  so  on. 
The  simple  introduction  of  the  choke  coil  enables  the  apparatus  of 
Fig.  2,  when  supplied  by  the  proper  electromotive  force  from  a 
single-phase  circuit,  to  operate  indefinitely  without  the  use  of  aux- 
iliary direct  current.  This  is  one  of  the  most  important  applica- 
tions of  the  converter.  On  account  of  the  choking  power  of  the 
coil,  this  arrangement  gives  quite  a  steady  current;  but,  as  in  most 
of  the  cases  above,  it  requires  the  neutral  point  of  the  alternating- 
current  supply. 

Tlie  vapor  converter  itself  has  a  number  of  interesting  char- 
acteristics. Its  vacuum  is  similar  to  that  of  the  mercury  vapor 
lamp;  on  the  other  hand,  since  it  is  not  intended  to  give  light,  its 
length  is  as  short  as  possible;  this  means  that  the  voltage  across 
the  converter,  which  represents  its  total  resistance,  is  reduced  to 
10  or  15  volts.  As  in  the  mercury  vapor  lamp,  this  voltage  is 
practically  constant,  regardless  of  current,  except  for  small  current. 
On  the  other  hand,  since  with  larm*  currents  in  the  container  there 
is  a  considerable  loss  of  energy,  there  is  developed  within  the  en- 
closing chamber  a  considerable  amount  of  heat,  which  must  be 
dissipated.  It  is  therefore  necessary  to  make  the  container  itself 
of  considerable  size  to  get  cooling  surface;  the  mercury  of  the  nega- 
tive electrode  is  evaporated  during  the  0[>eration,  and  condenses  on 
the  surface,  flowing  back  agiiin  to  the  electrode. 

It  is  necessary  to  provide  some  means  for  the  starting  of  the 
converter.  This  is  accomplished  in  a  number  of  ways,  involving 
the  same  principles  as  the  starting  of  the  mercury  vapor  lamp. 
The  converter  can  also  be  arranged  to  be  started  automatically. 

These  converters  will  \ye  e8j)ecially  useful  for  charging  storage 
batteries  from  alternating  current  supply  circuits;  for  running 
small  direct-current  motors;  and,  when  built  in  larger  sizes,  for 
oi)erating  railway  motors  from  alternating-current  circuits. 
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AS  A  CIRCUIT-BREAKER. 

The  third  application  of  the  Hewitt  mercury  vapor  apparatus 
is  its  use  as  a  Circuit-Breaker  for  alternating  currents. 

It  is  of  course  necessary,  in  all  electric  plants,  to  have  meanfr 
for  connecting  and  disconnecting  motors,  lights,  circuits,  etc.,  as 
may  be  required;  and  it  is  usually  very  desirable  that  means  should 
\ye  provided  for  automatically  stopping  the  flow  of  current  in  any 
circuit  when  any  accident  occurs  to  the  apparatus  on  this  circuit. 
These  functions  are  performed  by  many  different  types  of  switches 

and  circuit-breakers,  which  on 
large  high-tension  plants,  are 
very  cumbersome  and  expensive, 
especially  when  automatic.  In 
many  plants,  the  size  of  the 
switching  apparatus  is  so  exces- 
sive that  it  is  impossible  to  place 
the  switches  and  circuit-breakers 
for  operating  the  plant  within 
view  of  the  operator,  who  must 
relv  on  indicatincr  devices  to  de- 
termine  the  condition  of  his  cir- 
cuits. On  the  principle  of  the 
mercury  vapor  apparatus,  it  is 
possible  to  construct  a  circuit- 
breaker  which  will  accomplish 
tliis  same  work  with  a  very  much 
less  cumbersome  and  bulky  ap- 
paratus. 

To  understand  how  the  prin- 
FiR.  6.   Mercury  Vapor  circuit-Breaker.       cir)le  of   the   nerative  electrode 

a-('irouit Closed.  \  J^  i-    j   .      .1   . 

h-  Circuit  Open.  resistauce  may  be  applied  to  tins 

apparatus,  we  may  consider  the 
circuit-breaker  in  <7,  Fig.  0.  Suppose  that  the  current,  in  flow- 
ing from  the  generator  to  the  circuit,  passes  through  the  vapor 
apparatus,  going  in  by  one  lead,  passing  through  the  mercury 
from  one  cup  to  the  other,  and  passing  out  on  the  other  lead. 
AVe  have  thus  an  ordinary  metallic  circuit  through  the  apparatus, 
and,  as  long  as  the  circuit-breaker  remains  in  this  position,  cur- 
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rent  continues  to  pass  as  though  it  were  not  a  vacuum  apparatus. 
Xext,  suppose  it  is  desired  to  stop  the  flow  of  current;  the 
circuit-breaker  is  then  tipped  into  the  position  shown  in  /;,  Fig.  6, 
in  which  the  mercury  separates  between  the  two  cups.  At  the 
moment  of  sejmration,  the  current,  which  has  biH»n  flowing  through 
tlie  mercury  from  cup  to  cuj),  is  obliged  to  jmiss  through  a  ]>ortion 
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of  the  vapor,  making  the  mercury  in  one  cup  the  negative  electHnU*, 
and  that  in  the  other  the  ] positive,  it  being  merely  accidental  which 
way  the  alternating  current  may  happen  to  be  flowing  at  the  instant 
of  the  separation  of  the  mercury.  As  was  explaiiRHl  in  the  descrip- 
tion of  the  mercury  vapor  lamp,  when  a  sejwiration  is  made  betweiMi 
the  negjitive  and  the  jK)sitive  electrodes  wliicli  have  Ihhmi  in  con- 
tact and  are  carryincr  a  current,  the  nemitive  electrcnle  resistance 
does  not  form,  and  the  current  jiaases  freely  through  the  vaj)or. 
The  current  breaker  is  thus  for  the  moment  o])erated  as  a  mercury 
vapor  lamp,  and  will  continue  thus  to  operate  until  the  curn^nt 
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bocomeB  zero.     Siiic<?  wp  are  dealing  with  an  alteniating  current, 
the  current  will  Itecoine  zero  at  the  end  of  the  first  alternation;  and 
when,  in  its  natural  eonrae,  the  voltage  rises  iu  the  opposite  direc- 
tion, the  negative  electrode  resiatant'e  has  become  re-established,  ] 
and  current  cannot  flow.     Ae  a  result,  alternating  current  has  Ijeen  I 
interrupted.    As  loug  as  the  circuit- breaker  remains  in  the  position  j 
of  A,  Fig.  6,  no  current  will  flow.     However,  if  it  \j»  desire*!  to  ^ 
start  the  flow  of  current  again,  it  is  necessary  merely  to  tilt  buck  I 
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•r  wllb  Fuur  Mercury  Posli 
Fig.  8. 
the  circuit-breaker  into  the  first  position,  when,  since  mercury  now 
joins  the  two  cup,  current  will  flow  unimpeded  as  at  first. 

The  mercury  vapor  device  has  other  advantages  over  the 
present  types  of  circuit-breakers,  for  all  contacts  are  made  by  mer- 
cury  which,  being  in  a  vacuum,  cannot  become  corroded;  conse- 
quently there  are  no  bad  contacts,  and  no  solid  switch-tips  to  1h'. 
come  burred  or  burned.  The  whole  appratus  is  so  small  as  to  lie 
readily  operated  automatically- 
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In  the  merciirv  vaj)or  circuit -breaker,  some  interestiiitr  prob- 
lems in  construction  arise.  For  examj)le:  It  is  ditiicult  to  get 
the  current,  when  of  considerable  volume,  from  the  external  circuit, 
through  the  glass  sealing  chaml)er,  to  the  mercurj'  within,  the 
difficulty  being  the  tendency  of  the  current  to  heat  the  leading-in 
wire,  causing  it  to  expand  and  crack  the  glass.  It  is  possible,  how- 
ever, without  serious  mechanical  complications,  to  intrixluce  a  very 
large  current  into  the  vacuum  without  causing  any  leaking  seals. 

AS  A  DISCHARGE  GAP. 

The  fourth  application  of  the  mercury  vapor  apparatus,  which 
has  been  frequently  descril)eil  in  the  technical  press,  is  the  Dis- 
charge (xap,  sometimes  called  the  hiterrt/pfer.  Tlie  function  of  the 
discharge  gap  is  easily  explained.  For  the  production  of  X-rays, 
the  sending  of  wireless  telegrajJi  messages,  and  many  other  pur- 
j)oses,  it  is  necessary  to  have  extremely  sudden  discharges  of  high- 
potential  electricity.  These  are  always  obtained  by  introducing 
into  the  circuit  from  which  the  discharge  is  to  be  obtained,  an  air- 
gaj)  or  its  equivalent,  and  by  raising  the  voltage  until  this  air-gap 
is  unable  to  resist  the  strain,  and  breaks  down.  At  this  instant, 
there  is  a  very  sudden  rush  through  the  circuit  of  the  electricity 
which  has  been  previously  accumulated  on  both  sides  of  the  air- 
gap;  and  this  sudden  discharge  serves  to  send  the  wireless  message, 
or  excite  the  X-ray  tube.  I>ut  a  disadvantage  to  be  found  with 
air-gaps  is,  that,  even  after  they  break  down,  they  intrmluce  a  con- 
siderable  resistance  into  the  circuit,  which  ])revents  this  dischanre 
from  being  perfectly  free  as  is  most  desirable.  A  further  disad- 
vantage to  be  met  with  in  the  air-gap  is  that  an  undesirably  long 
time  is  required  for  it,  when  once  it  has  been  heated  by  the  dis- 
charge, to  cool  sniKciently  to  be  able  to  ojK»rate  j)r()j)erly  a  sixiond 
time.  In  addition,  whenever  these  ga])s  are  used  for  large  quanti- 
ties of  energy,  or  continuously,  the  metal  electrodes  l)ecome  scarnnl 
and  burnt,  and  recjuire  constant  rej)lacing. 

The  mercury  vapor  apparatus  shown  in  Fig.  7  may  serve  the 
same  purpose  as  the  air-gap,  for,  if  we  a])ply  a  com])aratively  low 
voltage  between  the  two  electrodes,  no  current  will  How,  because 
of  necjative  electrode  resistance,  unless  we  raise  the  voltai^e  suflici- 
ently  to  overcome  this  resistance.     Then  the  discharge  of  electricity 
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will  be  practically  free,  since,  when  once  broken  down,  the  negative 
electrode  resistance  is  substantially  eliminated.  Thus,  by  the  use 
of  the  mercury  vapor  apparatus,  the  resistance  to  the  discharge, 
introduced  by  an  air-gap,  is  eliminated. 

Furthermore,  it  is  found  by  trial,  that,  even  with  a  series  of 
the  most  rapid  discharges,  the  negative  electrode  resistance  can 
always  be  re-established  l)etween  them,  which  is  by  no  means  true 
of  the  air-gap.  And  again,  evidently,  the  burning  and  burring  of 
the  electrodes  of  the  air-gap  are  eliminated,  as  the  mercury  cannot 
corrode  in  a  vacuum. 

The  action  of  the  mercury  vapor  discharge  gap  has  been  care- 
fully  studied  by  the  rotating  mirror  method,  and  has  been  found 
to  be  free  in  a  remarkable  decrree  from  the  weaknesses  of  the  air- 
spark  gap.  Fig.  7  shows  a  discharge  gap  used  by  Mr.  Hewitt  in 
his  lal>oratory  on  some  of  his  high-tension  work.  These  bulbs  are 
about  live  inches  in  diameter. 

In  addition  to  the  applications  so  far  descril>ed,  there  are 
others  of  less  immediate  importance,  which  space  will  not  permit 
to  be  de8cril>ed  here.  It  must  be  remembered  that  the  discovery 
of  the  grt'jit  j)riMc*ij)lt^  of  tlie  iietrative  electrode  resistance  is  (jiiitc 
recent,  an<l  that  it  is  a  ladieallv  new  [)hen()inenon,  and  consecjiUMitlv 
cajiable  of  j)ro(lucint»;  most  unusual  results. 


ATT  A. 


REVIEW    QrESTIONS. 


PRACTICAL  TKST  QUESTIONS. 

In  the  foroj^uin^  soctions  of  this  Cyclopedia 
numerous  illustrative  examples  are  worked  out  in 
detail  in  order  to  show  the  application  of  the  various 
metliods  and  principles.  Accompanying  these  are 
examples  fur  practice  which  will  aid  the  reader  in 
lixin^  the  principles  in  mind. 

In  the  following  pages  are  given  a  large  number 
of  test  questions  and  problems  which  afford  a  valu- 
able means  of  testing  the  reader*s  knowledge  of  the 
subjects  treated.  They  will  be  found  excellent  prac- 
tice for  thcxse  preparing  for  College,  Civil  Service, 
or  Engineer*8  License.  In  some  cases  numerical 
answers  are  given  as  a  further  aid  in  this  work. 


REVIEW    QUESTIONS 

ON     THK     HLTIUBCT     OK 

At.TERNATIXO  CURRENT  MACHINERY, 

PAKT  I. 


1.  Explain  the  term  "apparent  watts." 

2.  What  is  the  inductivity  of  a  dielectric,  and  how  is  it 
detemiiuod? 

3.  Explain,  with  diagram,  the  method  of  adding  two  syn- 
chronous harmonic  electromotive  forces  or  currents. 

4.  Draw  a  curve  of  alternating  current,  electromotive  force, 
and  ix)wer  in  case  the  current  lags  nearly  90°  behind  the  electro- 
motive force. 

5.  Explain  inductance. 

6.  For  a  given  ixir  cent  of  line  loss  in  the  transmission  of  a 
certain  amount  of  power,  what  is  the  eflPect  of  making  the  voltage 
four  times  as  great — (a)  on  the  current?  (h)  on  the  resistance  of 
line?  (c)  on  the  diameter  of  wire?  {(f)  on  the  weight  of  wire?  (e) 
on  the  cost  of  line? 

7.  If  an  alternator  has  12  ixAes  and  is  to  give  a  frequency 
of  25,  what  must  b(>  its  sjXH'd? 

8.  What  is  an  exciter?     Explain  its  function. 

9.  Define  alternator  alternating  electromotive  force,  and 
alternating  current. 

10.  What  determines  the  diflference  between  the  generator 
electromotive  force  and  the  r(?ceiver  electromotive  force,  (a)  when 
the  receiving  circuit  is  non-rc^active  ?  (5)  when  the  receiving  circuit 
is  highly  reactive?  {c)  when  the  receiving  circuit  has  large  capacity 
reactance? 
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11.  Give  conventional  representation  of    a  resistance,    an 

inductance,  and  a  capacity. 

12.  If   a  harmonic  current  has  an  effective  value  of  200 

amjXTes,  what  is  its  maximum  value? 

13.  What  is  a  harmonic  electromotive  force? 

14.  What  is  meant  (a)  by  the  effective  or  virtual  value  of  an 
alternating  current  or  electromotive  force?  (J)  by  the  average 
value?  (c)  What  is  the  relation  of  each  to  the  maximum  value? 

15.  If  an  alternator  has  8  poles  and  runs  at  a  speed  of  900 
r.p.m.,  what  is  its  frequency? 

16.  What  is  a  cycle?    an  alternation? 

17.  In  an  alternator,  explain  why  the  electromotive  forces 
generated  by  adjacent  armature  coils  do  not  oppose  each  other. 

18.  What  is  meant  by  capacity? 

19.  Does  an  alternating-current  ammeter  or  voltmeter  read 
eflFective  or  maximum  values? 

20.  What  is  the  inductance  of  a  coil  of  wire  wound  on  a 
wooden  sixx)l  if  its  k»ngth  is  40  centimeters,  its  mean  radius  3| 
cviitiinctrrs,  and  it  oonsists  of  200  turns? 

21.  Draw  a  sine  curve,  giving  linos  us(k1  in  its  construetion. 

22.  What  is  tlu'  form  factor  of  a  circuit,  and  what  is  the  least 
possible  value  it  can  have? 

2r5.     State*  the  iK)wer  law  for  alternating  currents. 

24.  Define  reactan<Hi  and  iniix^dance. 

25.  When  is  a  revolving-armature  tyix'  of  alternator  gt^Mier- 
ally  adoi^ted? 

2().     What  arti  collecting  rings,  and  how  do  they  differ  from 

the  commutator  of  a  direct-current  machine? 

27.     State  Ohnrs  Law  for  alternating  currents. 

2S.  What  is  th(*  iK)wer  factor  of  an  alternating-current  cir- 
cuit? 

29.  Give  formula  for  capacity  of  a  condenser. 

30.  States  Joule's  Law  for  alternating  currents. 

31.  Kxplain  synchronism  and  phase  difference. 

32.  When  art*  two  electromotive  forces  in  quadratun^?  in 
opi)osition? 

)^3.  Discuss  tin*  a(lvantag(*s  and  disadvantages  of  alternating 
currents. 


ATIf^ 


REVIKW    QUESTIOXS 


Olf     THBI     S17BJBIOT     O  V* 


ALTKRXATING    CURRENT    MACHINERY, 


PART  II. 


1.  Is  the  three -am  meter  method  used  in  practice? 

2.  What  is  the  necessity  of  a  starting  coil  in  the  Tliomson 
recording  wattmeter  'i 

3.  In  the  two  accompanying  meter  dials,  give  the  reading 
in  watt-hours  and  calculate  the  customer's  bill. 
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4.  Give  the  simplest  method  of  determining  the  inductance 
of  an  armature,  with  the  proper  formula. 

5.  An  alternator  gives  1,000  volts  between  its  collector 
rings  at  full  load  current  and  field  excitation  ;  when  the  armature 
current  is  decreased  to  zero,  it  gives  1,050  volts.  What  is  the 
regulation  ? 

6.  What  discovery  made  possible  the  use  of  polyphase  cur- 
rents for  power  purposes,  through  the  medium  of  the  induction 
motor  ? 

7.  How  is  the  E.M.F.  measured  in  the  break-down  test  ? 
Describe  the  apparatus  used. 

8.  Supposing  the  power  of  a  single-phase  alternating-cur- 
rent circuit  as  measured  by  a  wattmeter  is  450  watts,  and  the 
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])ower  factor  is  .S2  while   the   voltage   is   1,000,  what   current   is 
taken  from  the  mains  ? 

y.  Explain  the  effect  of  armature  reaction  upon  the 
magnetic  ilux  in  case  the  armature  current  is  in  phase  with  the 
electromotive  force,  in  case  it  lags  behind  the  electromotive  force, 
and  in  case  it  leads  the  electromotive  force. 

10.  What  methods  are  used  in  the  field  excitation  of  alter- 
nators ? 

11.  In  what  way  did  the  single- phase  system  fail  to  fulfill 
all  the  requirements  for  general  purposes  ? 

12.  For  an  alternating  current  of  a  given  frequency  and 
wave  shajye  how  should  a  plunger  type  voltmeter  be  calibrated  ? 

13.  How  is  the  speed  of  the  Thomson  recording  wattmeter 
made  })roj)ortional  to  the  driving  torque  ? 

14.  Give  the  fundamental  equation  of  the  alternator  and 
explain  the  meaning  of  the  symbols. 

15.  What  do  you  understand  by  the  regulation  of  an  alter- 
nator  ? 

10.     Why  is  the  three- voltmeter  metliod  not  used  in  practice  ? 

17.  Using  the  j)riee  chart  in  Fig.  84:,  determine  what  will 
he  charged  for  80,500  watt-hours  at  10  cents  ])er  thousand. 

18.  AVhich  has  tlie  greater  inductance;  an  armature  with  con- 
centrated winding,  or  an  armature  with  a  distrihuted  winding? 
Why  ( 

V,K  Wliat  is  meant  hy  the  synchronous  reactance  of  an 
armature  i 

20.  llow  does  tlie  induetanee  of  an  armature  alternator  vary 
with  its  linear  dimensions  'i 

21.  Exi)Lain  tlie  Thomson  inclined  coil  meter. 

22.  In  tlie  tliree-phase  star-connected  alternator,  what  is  the 
relation  between  tlie  electromotive  force  across  the  terminals  of 
any  given  winding  and  the  electromotive  force  between  the  mains  ? 

23.  Describe  the  two  methods  of  constructing  field  coils  for 
revolvintr  field  machines  used  by  the  (General  Electric  Co. 

24.  What  do  you  understand  by  the  two-j)hase  four-wire 
system  t 
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1.  Explain  why  the  armature  windini^s  are  utilized  to  only 
A  the  extent  in  the  inductor  alternator  that  they  are  in  the  ordinary 
alternator. 

2.  Mention  the  different  causes  of  losses  in  alternating-cur- 
rent machines. 

3.  What  is  meant  hy  synchronous  impedance  and  what  re- 
lation does  the  synchronous  impedance  curve  show^ 

4.  Explain  wliat  is  meant  hy  a  fly-wheel  alternator  and  give 
an  example  of  the  same. 

5.  Explain  clearly  the  inductor  alternator,  and  how  it  differs 
from  the  regular  type  of  alternator. 

().  Mention  briefly  the  different  methods  of  starting  a  syn- 
chronous motor,  both  single -phase  and  {X)lyf)ha8e. 

7.  Theoretically  what  relation  exists  in  the  transformer 
between  the  primary  and  secondary  electromotive  force  and  the 
number  of  turns  of  each  coil?     Express  this  as  a  formula. 

8.  Explain  the  principles  of  operation  of  the  synchronous 
motor. 

\K  Describe  the  type  of  generating  unit  used  in  the  Manhat- 
tan power  station. 

10.  What  are  the  standard    frequencies    used  with  S.  K.  C. 
alternating  current  generators  ? 

1 1 .  What  do  you  understand  to  be  meant  by  the  term  wuidirgr,* 

12.  Outline  briefly  the  method  of  performing  the  heat  test 
on  a  generator. 
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13.  Mention  a  use  that  can  be  made  of  the  fact  that  the 
power  factor  of  a  synchronous  motor  varies  with  the  field  excitation. 

14.  IIow»  does  the  power  factor  vary  with  the  variation  of  load 
in  the  transformer  ? 

15.  What  is  meant  by  a  transformer? 

16.  How  is  "hunting"  prevented  in  the  Manhattan  alternators? 

17.  Which  is  greater,  the  power  that  an  alternator  can  deliver 
to  an  inductive  circuit  or  to  a  non-inductive  circuit? 

18.  What  are  the  advantages  of  the  revolving-field  type  of 
alternator  as  comj>ared  with  the  revolving-armature  type? 

19.  Describe  the  method  of  obtainiutr  the  iron  loss  or  core 
loss  of  a  given  machine. 

20.  Upon  what  factors  should  the  starting  test  on  a  synchro- 
nous motor  give  us  information  ? 

21.  Describe  the  method  of  determinincr  the  electromotive 
force  wave  of  an  alternator  by  actual  measurement. 

22.  W^hy  does  a  small  current  flow  in  the  primary  of  a  trans- 
former when  the  secondary  circuit  is  open  ? 

23.  Explain  the  method  of  obtain! ncr  a  sine  wave  electromo- 
tive force  at  no  load  by  means  of  variation  of  the  distribution  f)f 
magnetic  flux. 

24:.  Are  alternators  rated  on  a  basis  of  inductive  or  non- 
inductive  receiving  circuit  { 

25.  If  an  alternator  is  to  be  run  as  a  svnchronous  motor,  are 
anv  chanires  necessary,  and  if  so  what  are  tliey  ? 

2^).  If  the  armature  current  is  I  and  the  resistance  of  each 
phase  is  Iv,  give  an  expression  for  the  power  lost  in  heating  the 
armature  windintrs. 

27.  Wliat  do  you  understand  to  be  meant  by  the  break- 
down   test  ? 

2S.  What  effect  docs  variation  of  the  field  excitation  have 
upon  tlie  power  factor  of  a  synchronous  motor  i 

2\),  How  does  the  weiglit  and  cost  of  an  inductor  alternator 
comj)are  with  that  of  an  alternator  of  the  ordinary  type?  Explain 
reason  for  your  answer. 

« 

30.  What  data  are  necessary  in  calculating  the  regulation  of 
an  alternator  ? 
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1.  In  the  mesh  connection  of  transformers,  if  one  coil  is  cut 
out,  what  j)er  cent  of  the  total  power  capacity  remains  ? 

2.  If  in  a  given  transformer  the  voltage  is  increased  50%, 
how  will  this  affect  the  eddy  current  and  hysteresis  loss  ? 

3.  What  considerations  prevent  the  action  of  the  actual  trans- 
former from  agreeing  exactly  with  that  of  the  ideal  transformer? 

4.  When  current  is  generated  as  two-phase,  what  is  the  object 
of  changing  it  to  three-phase  when  it  is  stepped  up  for  long-dis- 
tance transmission  ? 

5.  What  can  you  say  of  the  regulation  of  constant-current 
transformers  as  compared  with  that  of  constant-potential  trans- 
formers ? 

6.  What  do  you  understand  by  a  three-ring  rotary  converter  ? 

7.  Describe  with  sketch  the  method  of  testing  for  proper 
connection  of  secondaries  to  be  connected  in  parallel  to  supply  cur- 
rent to  a  given  receiving  circuit. 

8.  If  the  electromotive  force  between  any  two  rings  of  a 
three-ring  rotary  converter  is  500,  what  will  be  the  direct-current 
voltage  ? 

9.  Without  referring  in  any  way  to  the  book,  show  sketches 
of  proper  and  improj)er  connections  of  transformers,  both  in  parallel 
and  in  series. 

10.     If  the  output  of  a  3  K.W.  transformer  is  increased  to  5 
K.  W.,  how  does  this  affect  the  core  loss  ? 


ALTERNATING  CURRENT  MACHINERY 

11.  Explain  the  principle  upon  which  the  constant -current 
transformer  operates. 

12.  Explain  with  sketch  the  method  of  obtaining  the  Edison 
three-wire  system  from  a  single-phase  alternating-current  circuit 

13.  What  is  the  function  of  the  Scott  transformer  ? 

14.  How  does  a  rotary  converter  differ  from  a  direct- current 
dynamo,  from  the  mechanical  standpoint  ? 

15.  Into  what  two  parts  may  the  losses  of  a  transformer  l>e 
divided  ? 

16.  With  the  transformer  on  non-inductive  load,  what  factors 
are  responsible  for  the  falling  oflF  of  secondary  voltage  ? 

17.  (xive  the  advantages  of  using  oil-cooled  transformers. 

18.  What  is  the  difference  between  the  so-called  current  trans- 
former and  the  constant-current  transformer? 

19.  Describe  briefly  the  motor-generator  method  of  perform- 
ing the  heat  test  on  transformers. 

20.  If  the  electromotive  force  apj)lied  to  the  direct -current 
end  of  a  two-ring  converter  is  450,  what  will  be  the  alternating- 
current  electromotive  force? 

21.  Wliy  is  it  nect^ssjiry  to  provide  snecial  means  for  cooliiur 
larm*  transformers  whiK*  tliis  is  not  necessary  with  small  ones  ^ 

22.  What  is  tlu^  ()l)jec*t  of  making  transformers  with  two  or 
more  j)rimary  and  secondary  coil^  ? 

2'i].  Exphun  fully  just  what  is  meant  by  all-day  efKciency  of 
transformers. 

24.  What  advantagt^  has  the  air-blast  transformer  over  the 
oil -cooled  type  ? 

25.  How  does  a  rotary  converter  differ  from  the  direct-current 
dynanu)  from  the  electrical  standpoint? 

2r).      What  do  you  understand  by  bankintr  of  transformers? 

27.  What  factors  reduce  the  outj)ut  of  the  transformer  below 
the  ultimate  limit  ? 

2'S.      Describe  the  water-cooled  type  of  transformer. 

2U.  How  does  the  hysteresis  loss  vary  with  the  maximuui 
flux  density  ^ 

80.      Di'aw  a  sketch  of  the  connections  necessary  for  determin- 

t." 

ing  the  impedance  voltage  of  a  transformer. 
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1.  WTien  a  rotary  converter  is  self-started  as  an  alternating, 
current  motor,  what  precaution  must  l)e  taken  in  regard  to  the 
polarity  before  connecting  several  rotaries  to  common  bus-bars  ? 

2.  Why  should  there  be  very  little,  if  any,  series  field  winding 
provided  on  a  machine  to  be  run  as  an  inverted  rotary  converter? 

3.  What  factors  enter  into  n>odifying  the  theoretical  voltage 
ratios  in  actual  rotary  converters  'i 

4r.  Is  hunting  more  troublesome  when  the  field  of  a  motor  is 
over-excited,  or  when  it  is  under-excited  i 

5.  Show  sketch  of  method  of  supplying  direct  current  to  the 
Edison  three-wire  system  with  only  a  single  nmchine. 

0.  In  making  a  heat  run  on  a  rotary  converter,  what  data 
should  be  taken  and  recorded  ? 

7.  Mention  the  different  methods  of  starting  a  single-phase 
induction  motor. 

8.  What  effect  does  the  load  upon  a  rotary  converter  have 
upon  the  amount  of  pulsation  or  hunting? 

{).  In  the  case  of  a  two-ring  converter  if  the  effective  value 
of  the  alternating  current  flowing  in  at  each  collector  ring  is  150, 
what  will  be  the  direct  current  delivered  by  tlie  converter? 

10.  What  do  you  understand  by  an  inverted  rotary  converter  ? 

11.  Name    the  principal    tests   that    should   be    made   upon 
rotary  converters  i? 
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12.  If  the  synchronous  speed  of  the  rotating  field  of  a  three- 
phase  induction  motor  be  1,000  and  the  no-load  speed  of  the  rotor 
be  990,  the  voltage  of  the  circuit  being  110,  what  would  be  the 
three-phase  electromotive  force  induced  in  the  rotor  windings  at 
no  load? 

13.  Mention  some  of  the  uses  of  rotary  converter  sets. 

14.  IIow  would  the  break-down  test  be  carried  out  on  an  in- 
duction  motor  in  case  you  were  uiiable  to  load  the  motor  up  to  the 
break -down  point  ? 

15.  If  the  direct  current  delivered  by  a  three-ring  converter 
is  600  amperes,  what  would  be  the  effective  value  of  the  alternat- 
ing current  flowing  in  at  each  collector  ring  ? 

16.  Which  is  preferable,  to  start  a  rotary  converter  from  the 
alternating-current  or  direct-current  end  ? 

17.  Mention  the  methods  used  for  field  excitation  of  rotary 
converters  and  state  which  you  think  is  preferable. 

18.  IIow  do  you  explain  the  fact  of  the  high  rating  of  the 
six-phase  rotary  converter  as  compared  to  other  types? 

19.  Describe  the  three  types  of  secondary  members  used  in 
commercial  forms  of  induction  motors. 

20.  How  may  an  induction  motor  be  used  as  a  frequency 
chancrer? 

21.  What  is  meant  by  the  slip  in  the  case  of  an  induction 
motor? 

22.  Will  changing  the  field  excitation  of  an  inverted  rotary 
converter  cliange  tlie  voltan;e  of  the  alternating  current?  Explain 
reason  for  your  answer. 

23.  What  is  meant  by  the  stator  of  an  induction  motor? 

2-i.  Why  is  the  six-phase  converter  especially  suited  for  laro-e 
substations  i 

25.  Jlow  does  the  maximum  power  output  of  an  induction 
motor  vary  with  the  voltage  ? 

20.     What  do  you  understand  by  the  repulsion  motor  ? 

27.  Describe  the  method  of  shifting  the  armature  of  a  rotary 
converter  back  and  forth  endwise  in  its  bearings  in  order  to  obtain 
even  wear  between  the  commntator  and  brushes. 

28.  What  would  be  the  synchronous  speed  of  the  rotating 
field  of  an  8-pole  induction  motor  on  a  60-cycle  circuit  ? 


^^Q 


REVIEW^    QUESTIOXS 

OM     THB     SCBJBCT     OF 

ALTERXATIXG    CURRENT    MACIIIXERY* 

I»AKT  \I. 


1.  With  a  synchronous  motor  it  is  possible  undor  ivriain 
circumstances  to  cause  the  current  to  lead  the  K.M.F.  Is  this 
jK)ssihle  with  the  induction  motor  ? 

2.  l)escril)e  the  most  convenient  methoil  of  obtaiiiint;  the 
outj)Ut  of  an  induction  motor  in  testing  it  for  efficiency  i 

3.  Give  an  expression  for  the  appirent  input  in  watts  for 
the  induction  motor. 

4.  What  precautions  must  be  taken  when  operating  ci>m- 
pound  alternators  in  parallel  ? 

5.  What  do  you  understand  to  be  meant  by  ftHnler  [uinels  < 
0.     If  the  voltacre  is  220  and  the  current  loO,  what  is   the 

apparent  input  in  the  case  of  a  three-phase  induction  motor  i 

7.  If  the  j)Ower  factor  of  the  above  motor  is  .So  what  is  the 
actual  input  in  watts  ? 

8.  Why  cannot  the  core-loss  test  be  j)erfornuHl  on  an  induc- 
tion motor  by  the  methoil  used  in  the  case  of  a  synchronous  motor  t 

y.  Describe  the  niethod  of  ])erformintr  the  slip  test  on  an 
induction  motor. 

10.  What  are  the  disadvantages  of  slate  as  an  insulator  i 

11.  How  are  voltatre  retjulators  rated  'i 

12.  Describe  the  double-pole  quick-break  genenitor  switch, 
manufactured  by  the  Ft.  Wayne  Co.,  and  explain  the  use  of  the 
marble  barrier. 

13.  Explain  the  method  of  cutting  out  an  alternator  which  is 
running  in  jmrallel  with  others. 
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14.  Is  the  friction  and  windage  loss  in  an  induction  motor 
constant  or  variable  ? 

15.  In  making  a  test  of  the  efficiency  of  an  induction  niutor, 
through  what  limits  should  the  output  and  input  of  the  motor 
1x3  measured  ? 

K).  In  case  of  an  induction  motor  find  the  slip,  in  pt^r  cent, 
of  an  8-pole,  three-phase  niacin ne,  frequency  25,  if  the  no-load 
8{)eed  is  '3i)0  r.p.m. 

17.  In  the  case  of  the  switchlK)ard  where  the  rheostats,  cir- 
cuit breakers,  etc.,  are  installed  at  a  distance,  how  are  they  oper- 
ated from  the  switchboard  i 

18.  What  is  the  In^st  method  of  suppressing  the  arc  when  a 
high -voltage  switch  is  o[)ened  ? 

19.  Explain  the  method  of  performing  the  impedance  test 
on  an  induction  motor 

20.  Without  referring  to  the  book,  give  the  expressions  for 
efficiency,  power  factor,  and  apparent  efficiency  in  terms  of  output 
and  input. 

21.  What  do  you  understand  by  exj)ulsion  fuses? 

22.  Wliat  do  you  understand  by  the  ctHciency  of  an  induction 
motor,  and  what  factors  must  Ik*  taken  into  consideration  in  cal- 
culatintr  it  i 

23.  Whicli  is  common  practice  with  the  (teneral  Electric 
Co.,  to  synclironize  light  or  dark  ( 

24.  Which  type  of  ri'giilator  do  you  consider  best,  the  Still- 
well,  matrnetic  voltams  or  tlu'  induction  ( 

25.  What  is  the  advantage  of  building  up  switchboards  of 
standard  j)anels  of  uniform  size  i 

2<).  Is  it  customary  for  the  Westintrhonse  Electric  A:  Mftr 
Co.  to  synchronize  litrht  or  dark  ( 

27.  Why  is  it  iminacticabli'  to  calculate  the  efficitMicy  of 
small  machines,  as  can  IkmIoui*  in  the  case  of  large  machines  ( 

2S.  What  is  meant  by  the  apparent  efficiency  of  an  induc- 
tion motor  ? 

21).  What  is  the  advantage  of  the  Lincoln  synchroniztM*  over 
the  incandescent  lamp  used  for  tliis  purposed 

HO.  Does  an  induction  motor  constitute  an  inductive  or  non- 
inductive  load  upon  a  circuit  ( 
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1.  Of  the  various  arrantreinents  for  obtaining  the  three-wire 
system,  shown  in  Fig.  12,  which  is  the  one  most  commonly  used 
in  practice? 

2.  What  is  the  drop  in  voltage  and  the  loss  in  energy  in  a 
line  5  miles  long  composed  of  No.  6  wire,  if  the  current  flowing  is 
0.8  amperes  'i 

8.  What  is  the  purpose  of  transposing  wires  ?  Explain  the 
principles  uj)on  which  transposition  is  based. 

4.  What  materials  are  commonly  used  for  conductors  for 
electrical  transmission  of  power  ? 

5.  AAHiat  is  the  disadvantage  of  using  the  1)ridgo  arrangement 
for  obtaining  a  three- wire  system  from  a  single  generator? 

0.  (live  the  formula  for  calculating  the  area  of  conductor  in 
circular  mils  of  an  alternating  current  transmission  line,  explain- 
ing the  meaning  of  the  symbols  used. 

7.  What  relation  must  exist  between  the  capacity  and  self- 
induction  of  a  line  in  order  that  the  one  may  neutralize  the  other  ? 

8.  What  is  the  area  in  square  mils  of  a  No.  3  wire  ? 

1).  Outline  the  method  of  determining  the  most  economical 
feeding  point  for  a  system. 

10.  What  limit  determines  the  allowable  rise  in  temperature 
in  a  conductor  carrying  current? 

11.  Show  a  sketch  of  the  connections  of  the  three-phase  four- 
wire  systeui. 

12.  Supposing  a  circuit  has  a  capacity  of  .0  micro-farads,  the 
frecjuency  of  the  circuit  being  25  cycles;  what  must  be  the  induc- 
tance to  exactly  neutralize  its  capacity  ? 


POWER  TRANSMISSION 


1* 


n 


I 


• , 


J* 

!       / 


f  •       I 


H 


I'     ■ 


13.  Without  referring  to  the  book,  show  a  sketch  of  the  a 
parallel  system  of  feeding  with  tapering  conductors. 

14.  For  what  purpose  is  aluminum  used  principally,  and  w 

15.  To  what  sort  of  distribution  is  the  series  multiple  sys 
applicable  ? 

10.     Under  what  conditions  is  it  more  economical  to  use  p( 
phase  systems  than  single-phase? 

17.  Give  approximate  values  of  power  factor  for  incandest 
liixhts  alone  and  also  for  induction  motors  alone. 

18.  If  a  No.  10  wire  has  a  diameter  of  about  j\,tli  of  an  i 
what  would  be  the  cross-sectional  area  df  a  No.  li<  wire  { 

19.  How  do  you  account  for  the  capacity  effect  which  is  p 
ent  on  transmission  lines? 

20.  What  is  the  principal  advantage  of  uiultiple-win*  systtM 
How  can  the  self-induction  on  a  transmission  line  1h» 
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duced  ? 

22. 

23. 


Mention  uses  to  which  the  series  system  is  applicable. 
Whicli  is  preferable  for  long  distance  transmission,  th 


pliase  or  two-phast*  ?     Explain  why. 
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